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The first part of this thesis describes the 
reactions which take place between ethylene and the 
halogens, chlorine bromine and iodine. These have 
proved to be reactions which take place only at a 
surface; they do not occur in the body of the gas 
itself. Since the role played by a surface in many 
chemical reactions is not yet fully understood the 
description of the above reactions between ethylene 
and the halogens will be introduced by a very brief 
discussion of the chief features wh i c h  characterise 
the surface reaction and distinguish it from the 
homogeneous or true gas reaction.
The surface reaction requires a n  interface 
between two substances in different phases whether they 
are in the same physical state or not. Of the differ­
ent types of interfaces solid-solid,liquid-liquid, 
liquid'gas,etc., only the solid-gas interface will be 
considered here.
The reaction velocity of a surface reaction 
since it takes place at an interface, will depend on 
two factors; l) the rate of the reaction at the inter 
face and 2} the rate of removal of the resultants of 
the reaction. B o t h  factors involve an adsorbed layer
The speed of the reaction in the adsorbed layer 
depends on the concentrations of the reactants in the
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layer. The ’active m a s s ’ of the reactants in a sur­
face reaction "between two gases A  and B.
A  + B A  B
therefore, is not jo ^ and jp ̂  the partial pressures 
of the reactants as in a homogeneous gas reaction.
These quantities will "be replaced by the amount of A 
and the amount of B adsorbed on the surface. The 
gas phase is not within the sphere of the reaction
and therefore the pressure can only affect the rate'
of the reaction in so far as it alters the amount of 
the gases adsorbed.
In considering the various theories of a d ­
sorption one must bear in mind the following facts re­
garding the ’c hemical’ behaviour of a surface. The
;
effect of the surface is not merely to create an in- 
|creased concentration of reactants on the adsorbed 
layer. If this were the case all surfaces should 
behave equally efficiently. The action of &. surface
however is highly specific. Bor example the decom­
position of alcohol on hot copper produces Acetalde- 
hyde and hydrogen while on alumina, Ethylene and Water 
A r e  produced.
(1)
Langmuir has postulated that in the adsorb­
ed layer the molecules are held by valency bonds. In 
this case the surface will be saturated when it is 
covered by a layer of molecules. A  second layer might 
be formed in special circumstances. It has been shown
"by Langmuir and others that the molecules on a mono- . 
molecular layer are all orientated. Thus in a layer 
of stearic acid on water, the active GOOH groups are 
attracted towards the water while the hydrocarbon 
groups are orientated away from the water surface.
An  entirely new type of surface is therefore presented 
"by this orientation and on this a new layer of m o l e ­
cules of another substance might form.
The alternative theory suggests that at the 
surface the gases are highly concentrated but the con 
centration continuously diminishes as the distance from 
the surface is increased, until the normal gas phase
concentration is reached.
an
To derived/expression for the relation between 
the amount of gas adsorbed and the equilibrium pressur 
of the gas phase one of the above theories must be re­
jected in favour of the other . For the atmospheric 
theory this expression is given by the Freundlich 
iso the rm
i >/nx  = k p
where x = the amount of gas adsorbed.
p = equilibrium pressure of the gas phase 
k = constant 
1 In  = fraction less than unity
k and n are functions of temperature
The reaction velocity is therefore given by an equation
of the form
-dx '/
dt = k P ̂
This relation is found, to be true for the decomposition
(2)
of formic acid on a surface of rhodium
5.
The c o r r e s p o n d in g  e x p r e s s i o n  f o r  the u n i -  
m o le c u la r  l a y e r  th e o ry  has "been d e r iv e d  by Langmuir 
and has r e c e i v e d  the  support  o f  f a c t  a lm ost  to  the 
e x c l u s i o n  o f  the a tm osp her ic  a d s o r p t i o n  t h e o r y .
I f  O' i s  the f r a c t i o n  o f  s u r fa c e  c o v e r e d  by 
the adsorbed  gas then the amount o f  f r e e  s u r f a c e  is  
g iv en  b y l -  <r I f  jo i s  the p r e s s u r e  o f  gas in  e q u i l i ­
brium w ith  the a d sorbed  l a y e r  Q*, then the  r a te  o f  
c o n d e n sa t io n  o f  gas on the ba re  s u r fa c e  1- a  i s  
kq |° ( l -  o") and the ' r a t e  o f  e v a p o r a t i o n  from the c o v ­
ered  s u r fa c e  f f  i s  r e p r e s e n te d  by kp o\ At e q u i l i b r iu m  
th ese  r a t e s  are  equal
k x (3(1-0-) = k o ff . . . .  1)
6.
k 2 +kq
I f  the a d s o r p t i o n  i s  f e e b l e  then 1 -  O' 1 and e q u a t io n  
l )  becomes
k, (a = k2 o- i . e . <r = k^
k 2
The amount o f  a d s o r p t i o n  i s  t h e r e f o r e  p r o p o r t i o n a l  to  
the  p r e s s u r e .  Thus f o r  a s i n g l e  gas r e a c t i n g  a t  a 
s u r fa c e  a t  which i t  is  on ly  p o o r l y  a dsorb ed  the ra te  
o f  the  r e a c t i o n  w i l l  be p r o p o r t i o n a l  to  the p r e s s u r e  
i . e .  the r e a c t i o n  f o l l o w s  the u n im o le c u la r  law.
I f  the adsorption is strong Cf c=c l and 
equation l) can be written kq |f> ( 1 - (T ) = k
i.e. 1-0" = kg l/^
In t h i s '  case  the  amount o f  f r e e  space  i s  i n v e r s e l y  
p r o p o r t i o n a l  to  the' p r e s s u r e .  In a r e a c t i o n  where 
a s i n g l e  gas i s  s t r o n g ly  ad sorb ed  on the s u r f a c e  on 
which i t  i s  decomposed, the r a t e  o f  the r e a c t i o n  w i l l  
a t  f i r s t  be independent o f  the p r e s s u r e ,  f o r  the  su r -  
f a c e  is  n e a r ly  co m p le te ly  c o v e re d  w i t h  r e a c t a n t  and 
what i s  consumed by the r e a c t i o n  i s  immediately  r e ­
p la c e d  by a d s o r p t i o n .  I t  i s  on ly  when the p re ssu re  
o f  the gas phase becomes t o o  sm all  to  s a tu r a te  the
s u r fa c e  th a t  the r e a c t i o n  r a t e  is  p r o p o r t i o n a l  t o  the
■
p r e s s u r e .  This i s  i l l u s t r a t e d  by the  d e co m p o s i t io n  
o f  hydrogen i o d i d e  on the s u r f a c e  o f  a h ea te d  ecold
(3)
w i r e .  The r e a c t i o n  a t  h i g h  p r e s s u r e s  i s  o f  zero
o rder  but as the p r e s s u r e  i s  reduced the speed becomes 
p r o p o r t i o n a l  to the p re s s u r e  o f  hydrogen i o d i d e .
When two gases  r e a c t  a t  a s u r f a c e  the  c o n d i ­
t i o n s  a t  the in te r fa .ce  are  not  n e a r ly  so s im p le .  I f  
b o th  gases  are  weakly ad sorbed  the  amount o f  each gas 
a d sorb ed ,  as in  f i r s t  example,  i s  p r o p o r t i o n a l  to  the  
p r e s s u r e .  The r e a c t i o n  k i n e t i c s  o f  such a r e a c t i o n  
w i l l  t h e r e f o r e  be the same as i f  the  r e a c t i o n  were 
homogeneous. The com bina t ion  o f  e t h y l e n e  and h y d ro ­
gen a t  250°G is  an example o f  t h i s  type  o f  r e a c t i o n .  
The jate i s  r e p r e s e n te d  by the b i - m o l e c u l a r  form ula
d[C?H6] r _ # ,
~ d ±  = k C°2H4} £H21
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When one gas is more s t r o n g l y  adsorbed  than the o th er
the r e a c t i o n  k i n e t i c s  a re  more c o m p l i c a t e d .  The *
amount o f  f r e e  s p a c e , l e f t  by the s t r o n g l y  a dsorb ed  gas 
w i l l  in  t h i s  ca se  be p a r t l y  or w h o l^ ly  o c cu p ie d  by the 
weakly ad sorb ed  g a s .  how, i t  has been shown t h a t ,  f o r  
a gas which i s  s t r o n g l y  a d s o rb e d ,  the  amount o f  f r e e  
space i s  i n v e r s e l y  p r o p o r t i o n a l  to  the p r e s s u r e ,  i . e .
the amount o f  f r e e  space  l e f t  f o r  the f e e b l y  adsorbed
.
gas is  i n v e r s e l y  p r o p o r t i o n a l  to the  p r e s s u r e .  Thus 
i f  A i s  s t r o n g l y  ad sorbed  and B f e e b l y  a d s o rb e d ,  the
amount o f  B ad sorbed  is  i n v e r s e l y  p r o p o r t i o n a l  to  the
.
p re s s u r e  o f  £3] and p r o p o r t i o n a l  to  the p r e s s u r e  o f  [A], 
I n c re a s e  o f  the p r e s s u r e  o f  the s t r o n g l y  adsorb ed  gas 
thus causes  d isp la cem en t  o f  the weakly ad sorb ed  g a s .
The r e a c t i o n  v e l o c i t y  i s  t h e r e f o r e  p r o p o r t i o n a l  to  the 
p r e s s u r e  o f  the gas w hich  is  weakly  adsorb ed  and w i t h i n  
c e r t a i n  l i m i t s  i n v e r s e l y  p r o p o r t i o n a l  to  the p r e s s u r e  
o f  the gas which i s  s t r o n g ly  a d s o r b e d .  These l i m i t s  
as w i l l  be shown in  an example a re  c o n d i t i o n e d  by 
temperatures  and p r e s s u r e s  a t  w hich  the s u r f a c e  i s  not  
s a tu r a te d  w i t h . t h e  s t r o n g l y  a d sorb ed  g a s .
( 4
Thus e th y le n e  and hydrogen combine on the 
s u r fa c e  o f  copper  but a t  20°C the r e a c t i o n  does not  
f o l l o w  the b im o l e c u la r  law as i t  -does a t  250°C. At 
20OC the e thy len e  i s  absorbed  by copper  to  a g r e a t e r  
e x te n t  than hydrogen .  The r e a c t i o n  v e l o c i t y  i s
therefore found to he proportion to the hydrogen 
pressure hut inversely proportional to the ethylene 
pressure.
Another example of this type of reaction is 
that "between CO^ and Hg on the surface of a platinum 
wire at 1000°G.
The water formed by the reaction
CO 2 + H 2 -*• CO + H n02
was removed as soon as it was formed to reduce the 
"back reaction to zero.
The graph shows Hinshelwood and Prichards results
9.
This shows that as the pressure of C O2 is increased 
the amount adsorbed increases and the reaction veloc­
ity is correspondingly- greater. A limit A  is reached, 
however when the surface is saturated with the mixture 
of the gases C02 and H 2 and an increased adsorption of 
C02 caused "by an increased pressure, is only "brought 
about at the expense of adsorbed hydrogen. The veloc­
ity of the reaction is thus decreased as the hydrogen 
is displaced from the sphere of the reaction.
Before examining the kinetics of the reactions 
between ethylene and bromine and ethylene and chlorine.
the heats of activation of a surface reaction will he 
discussed in "brief.
Molecules at a surface require activation 
before reaction can take place in the same way as 
molecules in a homogeneous reaction do. Mere contact 
with the surface is not sufficient to start the reac­
tion. Moreover, there is no relationship between the 
rarte of the reaction and the amount of a gas adsorbed 
at the surface at different temperatures. Although 
ethylene is largely adsorbed on copper at 20°C, the 
velocity of its combination wi t h  hydrogen is not nearly 
so great as it is at 200°C although at this temperature 
the adsorption is very small. This reaction therefor 
has a positive temperature coefficient and therefore a
I
heat of activation.
The variation of the velocity constant wi t h  
temperature obeys the Arrhenius eqn.
_ e/rt2
In the case of heterogeneous reactions E is the "appar­
ent" heat of activation. The true heat of activation 
is defined as the energy which a molecule must acquire 
before it is in a state to undergo chemical reaction. 
This need not be the same as E. It is at the surface 
.vhere the molecules are adsorbed that the reaction takes 
place but reaction velocities are calculated assuming 
that the whole gas pha.se is involved. Therefore if 
k is the observed velocity constant,.the true velocity
10.
constant is given by k/£c 7 <j?_ being the proportion of 
gas adsorbed in the system. Uovi, c*. may vary with 
temperature so that d log k will not equal d log k/oi
1 1 .
dt dt
unless in the exceptional circumstance when the p r o ­
portion of gas adsorbed is constant at all temperatur
Thus d loge k /o . = q
dt p fR
and d 1 o k _ g
d t p ipj
Q, is the true heat of activation a.nd E  the apparent 
heat of activation.
The relationship between Q, and E can be de­
rived for a single feebly adsorbed gas as follows :- 
Using the same notation as before (eqn.I.)', 
kp |3 (1- <y) = k 2 cr
Since k 2 is a rate of evaporation it may be written
■
in the form )VA?T
k 2 = C e ' where A is in this case
es
the heat of desorption:
Substituting A  for kp and for k 2 7 C e anip
since 1- 0“ on l, Equation l) becomes
A  = CT G e - A/RT
.’ . (T = C e - X/RT
| ' • A
;
Now k<* a-’k/il) and k/oL = (e -Q,/RT) const.
. . k = C_ e ^/RT consp, e -Q/RT
Ajr\.
i.e. k = const e ~
. .  dk = Q - N  i.e. E = Q -  Av
dt R T ?  ""
Thus the observed heat of activation is less 
than the true heat of activation "by a. factor wh i c h  de­
pends on the variation of adsorption with temperature,
If the reaction is retarded by adsorption of 
the resultants of the reaction, it can be shown in a 
similar way that E = Q, + A  ̂  - A
Where is the heat of desorption of the resultant.
The reactions b e tween C 2H4 a n d Cl2 and C2H4 and Brp 
in the gas state.
(6)
Stewart & Edlund studied the reaction b e ­
tween ethylene and bromine in order to examine the 
hypothesis advanced by Nef, that a compound with a 
double bond exists in an active and an inactive form. 
One of these tautomers, it is suggested, has an ’o p e n ’
linkage and reaction takes place through the formation
of this active molecule. These forms in the case of 
ethylene are represented by
H 2C: : C H 2 H 2C:CH2 ' H 2C 6H 2
inactive active active.
If such structures exist, it might be found that the 
initial velocity of the reaction between ethylene and 
bromine would be greater than the normal reaction vel­
ocity. This is to be expected only if the rate of 
the reaction between ethylene and the halogen is not 
greatly less than the rate at which equilibrium between 
the tautomeric forms is established. Stewart and
12.
Edlund found that the initial reaction showed no a b ­
normality which, could not be explained as a wall ef- 
feet. The total effect did not involve more than 
1% of the ethylene present.
The rate of the reaction proved to be pro-
*
portional to the concentrations of both the bromine
■
and the ethylene. One might have expected that such 
a reaction as .this would be homogeneous but it has been 
shown that there is no appreciable reaction in the gas 
phs.se even when the; gases are saturated w i t h  water 
vapour. The addition takes place almost entirely on 
the walls of the reaction vessel and the rate of the 
reaction is proportional to the surface/volume ratio 
The-reaction can be explained by assuming 
that combination takes place in a layer of reactants 
adsorbed on the moist glass surface of the containing
vessel. Fr o m  an examination of the kinetics of the
■
reaction s
z« _ L 5 |H a  - [c2H4l [Brzl
it appears that both gases are only feebly adsorbed 
on the surface. The effect of water is to increase
the amount of gases adsorbed; this results in an
■
increased reaction velocity. Although the catalyst 
for the initial reaction is a moist glass surface, the! 
ethylene dibromide formed soon condenses out and covers 
the walls with a layer of liquid. The reaction is not
'
1 3 -
retarded, rather is the velocity increased. This 
shows that ethylene dihromide is a better catalyst 
than glass.
In a later paper on the combination of ethy-
(7)
lene and chlorine, Stewart and Smith show that thor­
ough drying of the reacting gases and the reaction ves-
(̂ .1
sel, resulted in an induction period. horrish and
(9)
Stewart and Fowler have shown that this reaction 
also takes place on the wall surface. It is probable 
that the reaction starts at an active part of the sur­
face and then is catalysed by its products or else 
there is a very slow reaction on a perfectly d ry'sur­
face Y/hich is then accelerated by a layer of ethylene 
dichloride.
(10)
Stewart and Smith have further shown that
the ethylene chlorine reaction is not a simple addition
There is also an induced substitution and there is
evidence that this substitution reaction proceeds by
a chain mechanism. The substitution product, CpH^Cl^
it is postulated, is formed by the action of chlorine
on an activated molecule of ethylene bichloride.
(20)
Bahrr and Zieler have shown how temperature in­
fluences substitution
14.
: It will "be noticed that the percentage of tetrachor- 
ethane is always small, hut the proportion of tri- 
chlorethane rises until at ordinary temperatures it is 
the principal resultant. The formation of GpH^Cl^ is 
a direct substitution of chlorine into ethylene and not 
as might first he assumed a substitution of chlorine 
into C2H^C.l2* B'ahr and Zieler have shown that chlor­
ine does not react with C 2H4CI2 at these temperatures.
(11)
Horrish has carried out experiments to 
find the effect of different surfaces on these reac­
tions. He has found that the reaction velocity is de­
pendent oh the polar nature of the surface. When the 
walls of the reaction vessel are coated w i t h  stearic 
acid the reaction velocity is increased, while if 
paraffin covered walls are used reaction becomes in­
appreciable. The catalytic activity of the various 
surfaces for both the reactions of ethylene with 
chlorine and w i t h  bromine, decrease in the order 
wet glass, stearic acid, dry glass, cetyl alcohol, 
paraffin,
Horrish suggests that the molecules receive 
a part of their activation energy at the polar surface 
in the following way. The molecules constituting the 
polar substance create a strong but unbalanced field 
of force at the surface. This force in so me way 
weakens the linkages of the molecules of adsorbed re­
actants and make dissociation easier. The surface 
thus contributes to the energy of activation in so far
15 .
as it is only these molecules which take part in the 
reaction.- This is horne out hy experiment for, 
although stearic acid and paraffin wax are physically 
similar, the reaction on the stearic acid surface is 
at'least 1000 times more r a p i d  than that on paraffin, i
(9)
Stewart and Fowler have suggested that these 
effects are due to the varying physical properties of 
the surface e.g. cety}4lcohol and paraffin wax. M o r e ­
over the paraffin may offer an u n e x p ectedly. large sur-? 
face due to the lack of uniformity of the crystals anc. 
cracks etc. If a very slow reaction does exist on 
paraffin, the resultants v/ould soon "be present in suf­
ficient concentration to accelerate the reaction. This 
would account for the induction period observed by 
ITorrish for the ethylene bromine reaction on a paraffin 
surface.
In spite of this possibility it is probable 
that the polar nature of the surface has some of the 
effects suggested by Norrish although no definite 
inechanism for such a type of activation can be put 
forward until it is shown that the adsorption of the 
reactants o n ^ f u r f a c &  is not less for paraffin than it 
is for the other surfaces studied.
The combination of Ethylene and Iodine is ex­
plained in detail in Part I.
As a result of the work on cyanogenandcyanogen 
halides, it was thought desirable to find if a
1 6 .
photo chemical combination takes place between ethy­
lene and these compounds. As a preliminary the abt 
sorption spectra of these substances were studied. 
The photochemical experiments have not yet been car­
ried out but the photographs obtained for the absorp 
tion spectra are described in Part II.
Part III. describes a continuation of work 
on the spectrum of sulphur wh i c h  has already been 




E X P E R I M E N T A L .
Since the reaction
C sH 4 + Is [solid)— * C sH 4I s (solid) 
takes place with change in pressure, it can be most 
conveniently followed manometrically b y  plotting 
pressure decrease against time. In this case a water 
manometer was used for the sake of increased sensitivity. 
Preliminary experiments h a d  b e e n  carried oxit to find
if drying the reactants h a d  any inhibiting influence
'
ori the reaction itself. Two stoppered tubes of equal 
size were cleaned in chromic acid, w a s h e d  with distilled 
water and dried in an air blast. An equal weight of 
iodine was added to each; One of them was treated with 
a drop of water; the other contained a tube of fresh 
P4:°io* They were both kept in an oven at 1 1 0 °C for
four days and then filled with ethylene. After 3-4
.
hoxars, it was found that combination h a d  taken place to 
an almost equal extent in each ttxbe. A third experi­
ment employed two tubes sealed together but kept out 
of communication b y  a glass membrane which could be
-
smashed when desired b y  a glass hammer contained in the 
apparatus. (Fig. I.)
The apparatus was thoroughly dried in an oven 




Is in A, tube A was evacuated a n d  sealed off with a 
fresh portion of P4H 1 0 . B was similarly treated with 
fresh P401 0 , evacuated and filled with ethylene to 
1 atmosphere. After 3 days further drying in the ove 
the membrane was broken. As before, it was found 
that the ethylene and iodine reacted quite readily in 
spite of the vigorous drying. It was therefore not 
thought necessary to ensure either a complete absence 
or a constant pressure of water vapour. A water 
manometer could therefore be used quite safely.
The reaction vessel in all cases except 
Expts. I and II was a 500 c.c. flask. In Expts, I 
and II a litre flask was used. After adding the 
iodine surface, the air in the flask was displaced by 
ethylene fr o m  a cylinder. The flask was immediately 
connected b y  a ground joint to a long capillary which 
led through a second ground joint to the water manomet
The capillary was furnished with a T three-way tap (A)
and an ordinary tap (B), so that either the flask or
the manometer could be opened to the atmosphere (by A)
or b y  closing tap (B) the manometer and the reaction 
vessel could be put out of connection. (Eig.Il)
The flask, ground joint and tap B were 
completely immersed in a water thermostat and kept 
constant at 3 0 °C (to*l).
The course of the reaction was followed b y  
measuring the pressure at constant volume at regular
n,
er.
barometric pressure was taken and any necessary
corrections made.
It was found that by varying the nature 
of the surface quite large changes in the velocity of 
the reaction were obtained. Fig.III shows this 
clearly. The slope of curve XX gives the rate of
reaction of ethylene on a glass-iodine surface of 1 g m
of moderately-sized crystals of iodine. In XVI, the 
same weight of iodine was used, but here the iodine 
surface was increased b y  powdering the crystals and 
the glass surface destroyed by  coating the walls with 
paraffin wax. In V, the surface was formed, b y  
subliming small crystals of iodine on to the walls ofI *
the flask, while in XXIII, the whole glass surface of
■
the flask was moistened with alcohol and d rained  
before introducing the iodine, Tables la and lb 
are examples of the detailed results of two experiment 
while Table II gives a summary of the results obtained 
ifor a number of various surfaces.
intervals of time. At the same time a reading of the
L
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T A B L E  l a .
Ex.pt, No, Vili, 
Vol. of Ethylene 
Wt, of Iodine 
Nature of surface
500 c.e. at 3 0 °G.
1 gm.
j
1 gm. IE sublimed on 900 sq.cm. glass.
T empera­
Time « Pressure (eras, water ) ture .
M i n s ,
from Right Left B a r o ­ C o r ­
Acttial stsrt Limb Limb meter rected 3*20° = 30 °C
1*24 98*0 98*6 754*0 98*6 3*20
1*25 1 *9 *9 3*20
1*26 2 *9 •9
1*27 ? *8 *8
1*28 4 *4 *4 3*25
1*29 5 *0 *0
1*30 6 , 97*6 97*6 3*30
1*35 11 94*0 94*0
1*40 16 89*3 89*3
1*45 21 84*2 84*2
1*55 31 73*6 73*6
2*1 37 A 67*2 754*0 67*2
•7 43 62*8 62*8 3*30




•21$ 48*0 48*0 3*30
*26$
*30$
62$ 44*2 754*0 44*2
66$ B 41*0 41*0
*37 73 36*2 36*2
*43$ 79$ 32*0 32*0
*50 86 27*8 27*8 3*30
3*00 96 23*5 754*0 23*5
15 111 17*5 17*5
27 123 14*5 14*5
29 125 97*6 97*6
31 127 97*1 97*1
39$ 135$ 95*4 95*4
50g- 146$ 93*1 754*0 93*1 3*30
Slope A - B *92 cm. H so/minute
2 4 .
T A B L E  I b .
Expt, No. XXX.
Vol. of Ethylene = 500 c.c. at 2 1 °C.
Wt. of Iodine = 1 gm.
Area of surface = 14 sq . cm. I 3 : 300 sq.cm. glass .
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10* 40a. m. 68*1 40*6 745*0 46*0 21*1
Slope = *8283 cm. H s0/hour.
Slope/Area I3 = *059. cm. H 20/laour/sq.cm.
25.
T A B L E  I I .
Expt, No. Iodine Surface Other Surface dP/dt.
• cm.Hs 0 m i n “~
I 6 gm.(powdered) 450 sq.cm. glass *42
II 5 gm,(powdered) do, •44
XVI 1 gm,(powdered) 300 sq.cm. paraffin • o 00
X XIII do. 300 sq.cm. paraffin
+ 300 sq.cm, glass •09
XXX do. 300 sq.cm, paraffin
+ 600 sq.cm. glass •09
XX 1 g m . ( d rystals) 300 sq.cm. glass •03
IV 1 g m . (sublimed)
•
glass 300 sq.cm. •5
V do. 300 sq.cm. *5
VI' do. 600 sq.cm. •8
VII d o , 600 sq.cm. •75
VIII do. 900 sq.cm. •9
XVI 1 gm. (powdered) paraffin 300 sq, cm. •08
XXIV do. C sH 4 I2 300 sq.cm. •14
IV 1 gm.(sublimed) glass 30Q sq. cm. *5
V do. glass 300 sq.cm. •5
XXV do. C2H 4 I2 300 sq.cm. 1*2
XIV 1 gm. (powdered) Alcohol 300 sq.cm. •80
XV do. do. •6
XXIII do. do. 5*0
The rate of change of pressure dP/dt was obtained 
from the slope of the initial linear portion of the graph 
obtained from such tables as la and lb. These graphs are fairly 
good straight lines for experiments with powdered iodine or large 
crystals, but in experiments with iodine sublimed on the walls 
there is a gradual falling off in speed. This is most probably
2 6 .
The smallest crystals will naturally have the largest 
surface/mass ratio and will be used up first. The 
surface/mass ratio will therefore decrease as the 
reaction proceeds. The slowing down is not due to 
the ba c k  reaction (GgH^Ig — * CSH 4 + I2 ) because
the reaction was never followed very far towards 
equilibrium. At -30° the pressure of ethylene in 
equilibrium with iodine and C SH 4 IS is 18 mm, mercury.
In the above experiments, the press\ire of C SH 4 was 
never below 700 mm. Hg. The initial curvature of the 
graph is most likely due to the heating of the 
reaction vessel and the enclosed gases. The flask 
was always filled with ethylene at r o o m  temperature 
and readings were taken immediately the flask was 
immersed in the thermostat. It w o u l d  take several 
minutes for the system to get to thermal equilibrium, 
during which time the expansion of the gas in warming 
would mask the contraction due to combination. The 
increasing vapour pressure of ethylene diiodide as it 
was formed would also contribute to the curvature of 
the graph. At 3 0 °C the vapour pressure of ethylene 
diiodide is 4 mm. H s0, so that until this pressure ha d  
been established no contraction of the gases would take 
place. Since the graph was linear for periods of 
more than an hour, the reaction could not have slowed 
down to any appreciable extent during the wgarming up
due to the gradual decrease of the iodine surface.
2 7 .
period and therefore no serious error is introduced.
Solid iodine was present in all experiments, 
the other surfaces studied being glass, paraffin wax, 
ethylene diiodide and ethyl alcohol. The glass 
surface was cleaned before each experiment b y  immersing 
in a chromic acid bath overnight, washing with distilled 
water, and drying in an air-blast. The paraffin 
surface was best obtained*by melting about 5 grams of 
paraffin wax. in the cleaned, dried flask and rotating 
in such a w a y  that when cold the whole surface was 
covered with a uniform layer of the solid paraffin. 
Whenever an increased glass surface was required, it 
was obtained by  adding to the flask a number of glass 
rods of measured surface area before filling wi t h  
ethylene. In Expts. VI, VII and VIII, these rods
served as the basis for the sublimed iodine crystals.
*
To obtain a surface of ethylene diiodide, 5 gms. of 
the pure crystals were melted without decomposition, 
and the flask rotated, as in the case of paraffin, unti 
the iodide solidified in a fairly uniform layer.!
The main features of the results are noted
below.
No difference is found in the behaviour of
'
glass and paraffin surfaces. When the glass surface 
is introduced and increased as in Expts. XVI, XVIII 
and XIX, there is no corresponding increase in the 
velocity of the reaction. This suggests that neither
C'trtS, A O
glass nor paraffin surfaces can play any considerable 
part in the reaction.
When, however, iodine is sublimed in small 
crystals on to an increasingly large glass surface, 
which effectively increases the iodine surface, there 
is a corresponding Increase in the speed of the 
reaction (Expts. IV, V, VI, VII and VIII). If 
powdered iodine is used (Expt. XVI) the speed is nearlyI
ten times less thsi that observed when the iodine 
surface is increased b y  sublimation. The speed can 
be still further reduced by using large crystals 
instead of powdered iodine (Fig.Ill, Expt .XX).
It is evident that under the conditions of
.
these experiments the reaction b etween ethylene and
iodine must take place almost entirely at the surface
■
of solid iodine; glass or paraffin surfaces are of 
secondary importance, A surface of ethylene diiodide 
seems to be definitely more active than either glass 
or paraffin, but it is very much less active than 
solid iodine.
The results obtained with alcohol are very 
irregular, due, in all probability, to the fact that 
the surfaces are not strictly comparable. Expts. XI V  
and XV  contained nearly 5 c.c.'s alcohol in excess of 
the surface layer, while in Expt. XXIII the flask was 
drained and h a d  no excess. In Expt, XXII the alcohol 
surface was partially dried in an air blast so that
2 9 .
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there was probably very little alcohol present. It 
is obvious, however, if the above experiments are co m ­
pared with Expt» XVI, that the presence of alcohol
greatly accelerates the reaction. In this connection
( 12)
it will be remembered that Semenow's method of
preparing the diiodide involves passing ethylene over
.
iodine crystals covered with alcohol. The reaction, 
however, does not go to complete formation of the di- 
iodide. All the solid iodine is used up, but 
equilibrium is re a c h e d  before the alcohol is decolorised. 
The catalytic effect of alcohol is, of course, equally 
efficient for the decomposition of the diiodide, the 
crystals of w h i c h  must be washed free of alcohol as 
completely as possible with CCl^ or they will rapidly 
decompose.
Although no measurements have been made of 
the rate of the reaction on a glass surface alone, i.e 
without the presence of a solid iodine, surface, the 
upper limit for such a value can readily be calculated 
and compared with the published figures for the reactions
C2H 4 + Cl s C 3H 4C12
C sH 4 + B r s C 2H * B r 2
on wet glass surfaces.
The course of these reactions can be 
represented b y  the equation
= k [CSH 4] [ X gj where X 3 = Cl2 or B r 2
3 1 .
If the same mechanism is assumed, for the reaction 
between ethylene and iodine on the glass surface, the 
velocity constant k can be found from the results of 
Expt. XX.
~d [ C g H ^  = *022 mm. Hg/min. for the reaction
dt
on the two surfaces (1 gm. I 2 crystals and 300 sq.cm. 
glass) at 30°C.
(The rate of the reaction on the glass surface alone 
is certainly very much less than this, but this value 
will be taken for the upper l i m i t .)
[CSH 4] = 761*0 mm.
[Is] = 0*5 mm. at 3 0 ° C . (Landolt Bornstein)
*** k j s -022/-5 x 766*' = 5*8 x jp " 5 at 30°C.
The velocity const, k^-j for the reaction
C3H 4 + C1B  > C sH 4C13
was found b y  Norrish and Jones to b e  10“^ at 1 8 °G.
Values for kgr are given by Stewart and Edlund (10”^ at
0°) and by  Norrish (5 x 1 0 ” '̂ at 0°C.) .
Thus it appears that the order of the
reactivity of the halogens towards ethylene on a glass
surface decreases in the order B r s >  Cl2 I 2 .
(13)In a recent paper Boer has shown that 
iodine is adsorbed on a glass surface to a very much 
smaller extent than the other halogens. The adsorption 
is practically negligible. This would account for the
32
very low catalytic activity shown by  glass in these 
experiments, and it is more than probable that the 
upper limit k T calculated above is mu c h  too large.
Temperature Coe f f i c i e n t .
The most important result of the above 
experiments is that the addition of iodine to ethylene 
takes place almost entirely on the surface of the solid 
iodine. To confirm this, and also to obtain a 
temperature coefficient of the reaction, a second seriss 
of experiments was carried out, Using in this case 
measured iodine surfaces.
The experimental procedure was exactly the 
same as before except that the iodine surface was 
measured in the following manner. A weighed portion 
of iodine crystals which h a d  b e e n  selected for their 
uniformity and regularity of surface were fitted as 
closely together as possible over a sheet of graph 
paper. The area covered multiplied b y  2 gave a first 
approximation to the total iodine surface. This very
approximate result w o u l d  be rather lower than the actual
■¡surface area because of irregularities on the surface 
of the crystal, but b y  choosing only the most regular
crystals the error was kept as low as possible and
.
nearly equal for each individual experiment.
Values were obtained for the rate of the

3 4 -
reaction per sq.cm, of iodine surface at the following 
temperatures, 11°C, 2 1 °C, 30°C, 37*3°C. The results 
are given in Table III.
TABLE III.
Expt.No.





cm. / h r .
Rate/Area 
cm.H20/hr/sq. cm
X X V I I I ■ 11 *15°C. 14 sq.cm. *22 *015
XXIX 11*10 16 *18 •Oil
XXX 21*1 14 *83 •059
XXXI 21*4 16 *72 •045
XXVI 30*1 17 1*88 •11
XXXIII 37*3 17 3*1 •18
XXXIV 37*3 18 6*7 •37
XXXV 37*3 94 23*4 •25
In Pig. V. the logarithms of the rate/area is plotted 
against the reciprocal of the absolute temperature.
The points lie on a fairly good straight line when one 
allows for the approximate nature of the experiment. 
P r o m  the slope of this curve the apparent heat of 
activation can be calculated.










2*3 R cl loglrtk
d 1 T
35-
d log k  = 1 ‘30 and d i  = 3 x 1 0 “^T
. ’. E = 2*5 x 1*98 x 1 - 5
3  X 1 0 ” 4
= 19*8 k cal.
The maximum variation of E from the graph is t  3 k cad .
so that we can write v
E = 19*8 i  3 k cal.
Mechanism.
There are two possible mechanisms for the
reaction:
(1) The reaction takes place in the layer of 
ethylene adsorbed on the iodine surface.
(2) The reaction takes place between gaseous 
ethylene and solid iodine at the moment of impact.
If the latter is the true mechanism, the
energy of activation could be calculated, assuming
that all the energy of activation is supplied by the
kinetic energy of the ethylene molecules, from the
efficiency of the collisions of the ethylene molecule
on the iodine surface.
If Z 0 molecules of ethylene collide with the
iodine surface per second, the fraction of Z 0 which
will have an energy greater than E is given by the
-E/RTexpression Z x = Z cd '





Area of I s surface = 14 sq. cm.
Vol.. of ethylene = 500 c.c. Mean Pressure = 740 mm.
.
No. of molecules C 2H a in the flask = nV^rpp
(where n = no, of molecules/ac. at N TP)
= 2*707 x 1019 x 500 x x Z|
= 1*22 x I Q 29 
-, mp 2 x i o 22 x *83and no. of molecules reacting/hour = —— --- — ----
760 X 13*6■
19= *985 x I Q “ '
The no. of collisions/hr. with the iodine surface was c 
culated as a 1st approximation as follows: assume a
nrism mo u n t e d  on the iodine surface, with hase equal 
in area to the iodine surface area a n d  height equal 
to the distance travelled b y  an ethylene molecule per 
hour, i.e. equal to the velocity of C 2H 4 molécule. 
One-sixth of the molecules in this space will strike 
the iodine surface per hour.
The velocity of the ethylene molecule is 
calculated from, the kinetic energy of the molecule
36.
tt n ^1 _Hence. In — =■ = — -Z 0 RT
= no. of molecules reacting
no. of molecules striking surface
Taking, for example, Ex£t. XXX, Table III, 
■83 c m . / h r . ,Temperature = 21*1°C.
37-
K . E .
0 '
i S A= |  mv = 5*62 x 10 ergs. at 0 C,
Hence \r21'
ra = 1*66 x 10"24 x 2 6  gm. (1*66 x 1 0 “24
of H s molec
5*62 x I Q “14 x 294 x g
= mass 
u l e .)
1*66 x «10 x 26 x 275
, \) = 52960 cm./sec. = 1*91 X 1*08 cm./hr
Pi
Ho, of collisions with Is surface =
1/g no. of molecules in prism.
l/6 ^ ? k  *  lp °..2 L l±  X 1*22 X 10 22





no. of mol, reacting 
no. of mol. colliding 
with I3
9*83 x io18 _ z.
1*166 x 10 28
E = -2*3 RT log h .
-2*3 x 1*98 x 294 X log ~ | -  X l o “10
= 12150 cal.
For Expt. XXV, which h a d  an iodine surface 
5 or 6 times greater than the others, the calculation 
is: -
Rate = 23*4 cm./hours. Temperature = 37°C.
Area of I2 surface = 94 sq.cm.
Vol. of ethylene = 500 c.c. Mean Pressure = 750 mm. Hg.
3 8 .
2*707 x 1 0 19 x 500 x 273 x 75
310 76
Tío. of ethylene molecules in flask at 37 O  —
= 1*18 x 10 22
,22
No. of molecules reacting per hour = 2.1-1-8 x ^ 23*4
76 x 15*6
= 2*66 x 10 20
v 37o (caled, from K.E,
. No, of molecules striking 
I2 surface
1*96 x l o 8 cm./hr.
1*18 x 1 0 S2 x 94 x
6 x 500
28= 7*22 x 10
Hence, efficiency of collisions = x 1 0 “8
7*22
+E = ,'-2*3 x 1*98 x 310 x log: x 10~8\7*22 i
« 11950 c-al.
The me a n  value, 12*0 k cal.,is definitely lower than 
the heat of activation calculated f r o m  the temperature 
coefficient (19*8 Î s3 k cal). The expression 
In Z -, = —E
RT
is only true if the energy
1*96 x 10 8
E is distributed between only 2 degrees of freedom of 
the ethylene molecule. If it is assumed that the 
energy is distributed among n degrees of freedom - 
this, for the ethylene molecule and the iodine 
molecule in the crystal together - the expression 
becomes
-E/RT £  - 1
h . = — e-  .( e/rt ) 2_____  the
Z 0 (§  - 1) T
contracted forra of the i n t e g r a l ,
?(in),(RT)
-, -E/RT h m  - 1
1 , E , dE
s-n
which represents the chance that a molecule possesses
-
an. energy greater than E among n degrees of freedom.
( )
(See H i n s h e l w o o d ) .
i  - : -iX .:,hThis equation was solved graphically by
plotting a series of graphs for various values of n
| . - 
.for the equation t
■
y  = 2*3 { - E / R T  + (g - l)log E/RT - log(| - 1) 
where E is the variable.
The graphs are shown in Pig. VI. and are plotted for
n  = 5, 12, 16, 22, 32, 52.
It will be seen f r o m  the graph that in order 
to raise the heat of activation calculated from collision 
efficiency to the mean value found f r o m  the temperature 
coefficient, it is necessary to assume 50 degrees of 
freedom. The molecular heat of ethylene is 11*3 k cal
and the atomic heat of solid iodine 6*6 k cal. This
indicates 11 and 7 active degrees of freedom for
.ethylene and. iodine respectively. The total n  = 18 i£ 




neighbourhood of that calculated from the temperature 
coefficient. It is therefore unlikely that this is 
the true mechanism for the reaction. More probably 
the addition takes place in the layer of ethylene 
adsorbed on the surface of the iodine crystals.
It is difficult to say whether the reaction
on the surface is a simple addition reaction or whethe
it goes by means of iodine atoms, and the free radical
(16)CsH4I, as Schumacher has shown for the homogeneous 
reaction in solution.
A third series of experiments was carried 
out to find the effect of altering the initial pressur 
of ethylene. The experimental procedure was, in this 
case, slightly-modified in detail. The same reaction 
vessel was used and 5 gm. iodine crystals .formed- the 
iodine surface in each case. The water manometer was 
replaced by a mercury one. The iodine was introduced 
into the flask which was then connected with the 
manometer, immersed in the thermostat and evacuated by 
the three-way tap. It could then be filled with 
ethylene to any desired pressure. To ensure that the 
surfaces were comparable for each series of experiment 
a low pressure of ethylene was first introduced and th 
slow reaction measured, After not more than two hour
ÎK c2hIn order to maintain the equilibrium C2H4 + I2 ■
the decomposition of adsorbed ethylene diiodide 
must also be catalysed by the iodine surface.
42
when the iodine surface was still free from iodide, a 
higher pressure of ethylene was introduced, and the 
rate of the reaction again measured. The rate was 
found to he directly proportional to the ethylene 
pressure, as Table IV shows.
I
TABLE IV.'
Wo. of Expt. PCeH4 dP/dt. mm./hr. dP/dt/P.
XXXVIII a 360 mm. 3*0 •012
XXXVIII b 740 10*1 •014
XXXIX a 320 5*2 •016
XXXIX b 7-50 10*5 •014
The kinetics of the reaction is therefore
given by the equation 
"dPCaHA
dt kPCsH4*S I2 where SI2is
the area of the iodine surface. This resembles the 
kinetics of the reaction between chlorine or bromine 
and ethylene on a glas s surface inhere the rate is equal 
to kPc jj (G.Pqj _ or Br~^ wliere G ^he area of theS  ̂ 2 2
glass surface.
Ethylene and Cyanogen.
Since many of the properties of cyanogen are 
similar to those of the halogens, some experiments have 
been conducted to find, if ethylene will combine with
cyanogen on a surface as it does with chlorine,"bromine 
and iodine. As in the case of the halogens, this 
reaction,
ON
C2H4 + (ON) 2 —> C2H4^
ethylene di-cyanide(succin di-
nitrile)
if it takes place, will be accompanied by a decrease 
in pressure and it can therefore be followed as be­
fore, by plotting graphs of pressure decrease against 
time.
In the first experiment, which gave entirely
negative results, the reaction flask was a 500 ccs
flask loosely packed with glass wool. It was connec- 
ated throhgh/ground joint to a mercury manometer and to 
a three-way tap. A side tube of silica containing 
the calculated weight of mercuric cyanide was the 
source of the cyanogen. After evacuating the flask 
through the three-way tap, half an atmospherfe : of cyano­
gen was introduced by heating the silica side tube. 
When the system had cooled, the total pressure was 
made up to 1 atmosphere by introducing ethylene throug' 
the three-way tap. The flask was kept at l5°0 for 
six weeks but no pressure change could be observed, 
except a few m.m. attributed to the formation of para- 
cyanogen.
The glass wool which had turned slightly
brown was extracted with alcohol but no trace of






This may have been due as in the ease of iodine to 
poor adsorption of cyanogen on the glass surface» 
Silica gel was used as catalyst, in the second experi- 
ment in order to get better adsorption of cyanogen.
The apparatus is shown in Big. VII. The catalyst A 
was electrically heated to 110°C. By cooling the op­
posite limb with, a stream of water at 10°C a convec­
tion current was set up which kept the gases contin­
uously circulating over the silica gel catalyst. At 
the end of four weeks the gases were frozen out in 
tube B. with liquid air. On allowing the tube to 
warm up, the ethylene boiled off leaving crystals of 
cyanogen,which in turn melted and evaporated. A white 
crystalline solid residue was left behind. This sub­
stance did not melt but sublimed slowly at room temp­
erature and very rapidly at 6o°C. This solid was re­
moved from the apparatus and when examined it proved 
to be ammonium carbamate.
The silica gel, which had turned brown was 
extracted with water. The solution obtained showed a 
brilliant bluie fluorescence. The substance respon­
sible for this fluorescence is almost certainly Azul- 
mic acid (G4H50N^) which is formed by the. interaction 
of (GU)2 and NH3, On adding NaCH the fluorescence 
became green and less intense. The solution was ev­
aporated to dryness and the residue examined for suc- 
cin dinitrile or its hydrolysis product ammonium
46.
succinate "by heating with zinc dust and testing for 
pyrrole with a shaving of red pine moistened with 
HC1.* A very slight reddening of the pine shaving 
was observed. This trace of pyrrole derivative how­
ever, is probably to be attributed to Azulffilibc acid 
rather than to a succinic acid derivative. It is 
clear that the reaction : -
CN
C2H4 + (CN) 2 — > C H '
2 4 N ffl
does not take place to any appreciable extent on a 
glass surface at room temperature or on silica gel 
at 110° C.
Ethylene and the Cyanogen Halides.
A final series of experiments has been carried 
out to find if there is any reaction between ethylene 
and the halides of cyanogen. If such a reaction ex­
ists three different reaction products are possible 
for each halide, viz. C2H4 X 2  ̂ C2H4 x(CN)zand 
C2H4(CN) 2 where X is Cl^Br of I.
Preparation of Materials.
Cyanogen Chloride was prepared according to the method
* In order to obtain satisfactory results with the pine 
shaving test it was found necessary to purify the zinc 
dust by heating in a Bose crucible in a. stream of hydr 
gen. If this precaution was not taken the zinc dust 
contained sufficient nitrogeneous and carbonaceous mat 
ter to give a positive test with the pine shaving.
Using the purified Zn. dust it was possible to detect 
as little as .01 m.grn. of ammonium succinate. If 
oxalic acid is present the test is much less sensitive 
fear the red coloration is bleached by the vapours give 




(18)described by Held. 'iu; by bubbling chlorine into a|
solution of 26 gms KCN and 9 gm. Zn. SO4 in 1 litre of 
¡water kept cooled to O^C. After all the precipitated 
zinc cyanide had redissolved,just sufficient KCN solu­
tion was added to remove excess chlorine* The mixture 
was then warmed to room temperature and the CNC1. dis- 
tilled over in a current of air, passing through a ^ ^ 5  
[tube to a receiver kept at -60°C. The liquid was stor 
ed in sealed tubes. MP- 5°G. B.P. 12.6°C.
ICyanogen Bromide was prepared ^ ^ b y  dropping bromine
;on to a saturated solution of KCN cooled in ice. The 
cyanogen bromide was separated into a cooled receiver 
oy a current of warm air. The solid was kept in sealed 
tubes in which the crystals soon changed from white 
needles into transparent cubes.
3yanogen Iodide was obtained from the laboratory stock
It was purified by recry stabilisation from ca.rbon tetra-
«chloride and then sublimed.
Experimental-. In the case of the chloride and bro-
• '■ •mid©' of cyanogen, a mixture of ethylene and the cyano­
gen halide was sealed off in a glass tube and kept in 
a thermostat at 3 7°• The reaction between ethylene an 
cyanogen iodide was studied.in the same apparatus as 
was used for the reaction between ethylene and iodine.
Results. At 37°C no reaction was observed between
ethylene and cyanogen chloride or bromide, but with
CNI a slow reaction took place, without pressure 
change. The products were proved to be cyanogen and 
ethylene di-iodide.
It is improbable that this is a direct reac­
tion between ethylene and cyanogen iodide according to
the equation
2CNI + C2H4 -* C2H4I2 + (CN) 2
The sample of cyanogen iodide used was many 
years old and when the crystals were removed from the 
bottle they contained a large amount of iodine impur­
ity. As they were originally pure this suggests that 
an equilibrium exists between (CN) 2 and I2 thus 
(CN)2 + I2 *** 2CHI 
The ethylene present will continuously remove the free 
iodine until the cyanogen iodide is completely decom­
posed. Such a reaction is not accompanied by any pres 
sure change thus i
(CN) 2 + 12 ^  2CNI





Ethylene is replaced by an equal volume of cyanogen.
SUMMARY.
The surface reactions between ethylene and the 
nalogens, cyanogen and cyanogen halides are described 
Ln the following summary.
48.
1) Cyanogen iodide reacts probably indirectly with 
ethylene to give ethylene di-iodide and cyanogen.
2) No reaction has been observed between ethylene and 
cyanogen, cyanogen chloride or cyanogen bromide.
3) Ethylene reacts with iodine at the surface of the 
iodine crystal, to give ethylene di-úodide.
4) Ethylene reacts with bromine adsorbed on a glass 
surface to give ethylene dibromide.
5) The reaction between Ethylene and Chlorine is not 
so simple as in the case of the other halogens. Witt, 
bromine and iodine only a simple addition takes place, 
but in the case of chlorine it has been shown that at 
ordinary temperatures the principal reaction with 
ethylene is addition and substi-tution together.
6) The reactions-'between ethylene and chlorine and 
bromine are irreversible reactions at ordinary temper­
ature while the reaction with iodine reaches an equi­
librium without going to complete formation of di­
iodide.
49.
carhon t e t r a c h lo r i d e  s o l u t i o n .______
I )  Ethylene and Iod in e .
In con tra s t  with the sur face  r e a c t i o n  "between 
ethylene  and io d in e ,  in the gas s t a t e ,  the much slower 
r e a c t i o n  in carbon t e t r a - c h l o r i d e  s o l u t i o n  has been 
found to  be homogeneous a t  temperatures in the neigh­
bourhood of  100°C. This r e a c t i o n  has been s tud ied
(2l) (22)in  d e t a i l  by Mooney and Ludlanr and by P o l i s s a r
The r e a c t io n  between ethylene and iod in e  d i f f e r s  from 
the rea cc ion é  of  e thy lene  with the other  halogens in 
that i t  i s  a r e v e r s i b l e  r e a c t i o n ,  equ i l ib r iu m  being  
e s t a b l i s h e d  b e fo r e  complete form ation  o f  ethylene d i ­
i o d id e  i s  reached.  S ince  ethylene dijbdide i s  more 
e a s i l y  p u r i f i e d  than ethylene and a l s o  because stand­
ard so lu t io n s  o f  e thy lene  d i - i o d i d e  can be prepared 
more a c c u r a t e ly  than s o lu t io n s  o f  e thylene  these in ­
v e s t ig a t o r s  have found i t  more convenient to study the 
reverse  r e a c t i o n  C2H4I 2 —* C2H4 + I 2 rather  than the 
d i r e c t  fo rm at ion .
The method employed by Mooney and Ludlam has 
been to  observe the ra te  o f  decom posit ion  o f  a s o l u t i o n  
o f  e thy lene  d i - i o d i d e ,  con ta in in g  varying  i n i t i a l  con­
ce n tra t io n s  o f  i o d in e ,  in sea led  tubes at  100°C, The 
r e s u l t s  they obtained are these as f o l l o w s  :
The r e a c t i o n  i s  a u t o c a t a l y t i c  and i t  was 
found that iod ine  is  the c a t a l y s t .
5 0 .
The Reactions between etfeylene and the halogens in
The ra te  o f  the r e a c t i o n  i s  d i r e c t l y  propor­
t i o n a l  to the con ce n tra t ion  o f  e thylene  d i - i o d i d e ;  i t  
i s  p ro p o r t io n a l  to the square r o o t  o f  the con cen tra t ion  
o f  the i o d in e ,  o r ,  which is  eq u iv a le n t ,  i t  is  d i r e c t l y  
p r o p o r t io n a l  to the c o n ce n tra t ion  o f  iod in e  atoms thus:  
K [ l à  = [ I ] 2
[i] = V k  [i2]/i
I t  is  t h e r e fo r e  suggested that the decom posit ion  takes«
p lace  through the agency o f  iod ine  atoms. These w i l l  
th e r e fo r e  ca ta ly s e  the forward r e a c t i o n  equa l ly  and the 
form ation  o f  C2H4 I 2 w i l l  t h e r e fo r e  he p r o p o r t io n a l  to 
[ I ¿ ) /z The k i n e t i c s  o f  the t o t a l  r e a c t i o n  can th ere ­
f o r e  he w r i t te n
5i .
dt
which a t  eq u i l ib r iu m  is  equated to zero and g ives  
K = k2 = [C2H4 ] [ I 2 ]
kl [0gH4l2]
Finally ,Mooney and Ludlam suggest  the f o l l o w i n g  as two 
p o s s ib l e  schemes f o r  the r e a c t i o n .
1 . CpHilg + I Jfe C2H4I3 -i C2H4 + I3 J L  C2H4 I2 + I 
where e i t h e r  a or b is  a slow r e a c t i o n  and the other 
two are instantaneous.
2 . e2H4i 2 + i  c2h4 i  + i 2 ¿ c2h4 + i 2 + I
where ’e i t h e r  a or b is  a slow r e a c t i o n .
Pol issa ,r ,  who a lso  f in d s  that  the decomposi­
t i o n  is  ca ta ly sed  by iod in e  and is  p ro p o r t io n a l  to the 
c o n ce n tra t io n  o f  the ethylene d i - i o d i d e  and the square
root of the iodine concentration,has measured the rat 
of the reaction at six different temperatures ranging 
from 40°G to l52°C. The velocity constants at the 
different temperatures are shown in table V.
TABLE V.
52 .
Temperature Kq x n Q  4 









When log K is plotted against l/T the graph is a fairly
good straight line; the apparent heat of activation
obtained in this way is 29*0 kcal. Since the reaction 
goes through the agency of iodine atoms, this heat of 
activation (q^} can he distributed between two compon­
ents thus - d [G 2] = k (j-'2^41 2] (XI
r  - 1  /  r= k [C2H4I2] V K  [l2]
= kl[02H4I2] [l2] ‘'2
Hence kq = k a/ k  . . . .  . . .  . ' a
kq is the velocity const, measured by Polissar
k is the velocity const, of the reaction + I
c2h4i + I2
K is the equilibrium const, of the reaction I2^  21
d In kj = d In Ic + d In / \/j£ 
d l/T d 1/T d l/T
i.e. oxl = q + | q
The ’apparent’ heat of activation is there­
fore made up of the true heat of activation of the re­
action C2H4I2 + I~^G2H4I + I2 together with half the 
heat of dissociation of the iodine molecule in carbon 
tetrachloride solution. (3
Thus q + -g-Q, = 29 »5 kcal.
If Starck and Bodenstein’s (23} value for the
heat of formation of 1 gm atom of iodine in the gas
phase is assumed to be nearly true for the dissocia-
-tiom in carbon tetrachloride solution q the true heat
of activation for + I —* + ^2 + 1 can rea(̂ ”
ily be caculated. Prom Starck and Bodenstein’s results
Q, = l6.5Kcal. q therefore is 13*0 kcal. This
132°G
value agrees well with that calculated from the colli­
sion efficiency. Prom measurements of the variation 
of equilibrium with temperature Polissar found the heat 
of dissociation of the ethylene diiodide molecule to 
be II.3 kcal.
When measuring the equilibrium constant, 
Polissar found that slow side reactions taking place 
simultaneously with the main reaction, complicate the 
experiment. The iodine concentration rises to a 
maximum and then falls slowly. The nature of these 
side reactions will be discussed later but the
53*
Prom (a) is obtained the equation
importance of their effect on the equilibrium is at 
once apparent. The course of the reaction may be 
shown diagramatically as in Fig. IX.
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Graph I. represents the reaction actually measured 
while the dotted graph (il) shows the course of the 
simple reaction C2H4I2 + I —* C2K4 + Ip +  ̂without the 
complication of any side reaction. This side reaction 
is taking place during the whole course of the experi­
ment and its relative value will rise with temperature 
The actual maximum yield of iodine will therefore 
be less than the theoretical Q,n by an amount which 
depends on the relative importance of the side reaction 
and therefore, on the temperature. This introduces a 
double error. The actual value of Q,q probably too 
small and therefore K the equilibrium constant is too
small. dK (t= temperature) will also be too email 
dt
because the side reaction is becoming more important 
at higher temperatures.
Since Folissars equilibrium measurements were 
all made at the higher temperatures 122°-l52°C they 
are most likely too low, as also are the heat of di- 
sociation and the heat of activation.
In a discussion of Polissar's paper Schpmache 
prefers the 'scheme
(16)r
(1)c2h4i2 + i —> C2H4I + i2
(2) C2H4 I — ■> + (Reactions 2 & 3 "being
)fast reactions leading
(3} 02114+ I — » C2H4I (to a rapid attainment
of the equilibrium cone 
of C2H4I.
The rate of the reaction is determined by re­
action (l), Y/hile G2II4I is always present in its equil­
ibrium concentration, which is very small. The heat 
of activation of reaction (l) calculated from Polissars 
results averages 11.5 Kcal (- 2) In this case the heat 
of activation can be equated to the heat of the reac­
tion (since the heat of activation of the reverse re­
action is very nearly zero) we cah therefore write - 
02H4I + l2 C2H4I2 + I + 1 1 .5  kcal.
The heat of total reaction is 11.3 kcal. which means 
that Q,Q2q4][ tiie heat of reaction of the reaction 
C2H4 + Ih»C2H4I is very small i.e. that the G —  I 
link in C2H4I is very weak.
These results have been confirmed by Schum- 
(24)
acher and Wiig who studied the photochemical re­
action at 100°C. The heat of activation of the total
reaction was found to be 1 1 .8kcal. How since C2H4I 
is always present in its equilibrium concentration 
this activation energy applies only to the following 
two links in the chain :-
(a) G2H^I2 + I-*-C2H4 I + 12
(b) I + I -*• I2
(b) requires no activation energy: it is a reaction
which goes through the agency of triple collisions and
55 .

in solution these are frequent. Reaction (a) there­
fore has an activation energy of 1 1 .8 kcal. which is 
in good agreement with the thermal value.
It may he mentioned at this point that Schum­
acher and Wiig found that at room temperature there 
was no appreciable photochemical reaction, due to the 
energy of activation required for the reaction
C2H4I2 + I -*c2h4i + i2
This was also found to he true for the gas 
reaction. In experiments I. and II. of the previous 
section (Page25), the effect of light on the rate of 
the reaction was studied. The reaction flask had 
heen totally silvered on the outside, except for a 
small window, which was illuminated through a window 
in the thermostat hy a water cooled mercury arc lamp. 
The reaction in the light was no faster than the dark 
reaction as the graphs (Fig.X-oO show.
These graphs represent the early course 
of the reaction hut this is equally 
true for the reaction near equilibrium.
A glass bulb containing lgm C2H4I2 
(impure) crystals was sealed to a glass 
spring gauge- and evacuated (Pig. X)
The bulb was heated to 10°C above the temperature of 
the thermostat for one day. It was then cooled to 
30°C and readings of pressure taken at regular inter­
vals of time. The bulb was illuminated during one 
period of the reaction but as the graph (Pig.X b )
57-
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PIG. X.

shows no photochemical effect was observed.
Evidence for the existence of the molecule C?H^I.
The existence of such a molecule as CpHxI re-
(25)ceives some support from the work of Berthoud The 
photochemical bromination of cinnamic acid or of stil- 
bene (which is similar) follows the same scheme
1) Brp + hv —> Br + Br
2) A + Br -> A Br
3) A Br + Brg-* A Br2 + Br
(etc. as a chain)
4) 2 Br Brp
5) A Br + Br—> A Br2
Bor the case of cinnamic acid,ABr has the structure.
H H H
1 / i
C/Hc' — C - G or G ¿Ht - C - Q - COOH
1 ; CGQH W  "  \ 1
Br ' Br
If two of these molecules combine the resultant mole­
cule H H fi H
1 1 1 1  
- G - C - G - G -  COOH may lose 
1 / / I
Br COOH C6H5 Br
bromine and give oc-truxillic acid which has the struc­
ture C ,R r - GH - GH - COOH
6 5  1 1
HOOG - CH - CH - Ĉ Hip
‘
It may be remarked here that truxillic acid 
is actually formed Y/hen solid cinnamic acid is illumin­
ated with ultra violet light.
The isomérisation of allo-cinnamic acid 
in presence of iodine is a further proof of the
( 25 )
existance of this type of intermediate. The scheme 
given hy Berthoud is the following.
H - C -COOH H - C - COOH HOOC - C - H
I + 1 - ^ 1  — ^ |
H - C -C6%  H - G - H - C - G5H5
i I
1 1
HOOC - C - H 
I
H - G -
(26) 5 >
Hildebrand has also shown that asym »
diphenyl ethylene polymerises readily in presence of
iodine to give a dimeride. This may be/similar type of
reaction /\
N— 1 -- =>HC
. H
<•(, «s sm  which the molecule „ u /r-ÇH*is the intermediate.
' x
With reference now, to the side reactions 
found in the measurements of the equilibrium in the 
decomposition of ethylene diiodide, if Schumachers 
scheme is correct, it should be possible for two such
molecules as G2H4.I to combine
2. O2H4I I ̂  CH2CH2CH2CH2«I 
to give di-iodo-butane. The existence of such a com­
pound in the equilibrium mixture would prove the pres­
ence of the intermediate C2H4I. To test this, some 
thick glass bombs were partially filled with solid 
ethylene di-iodide (5 g^s in each bomb); the solid
was covered with a carbon tetrachloride solution of
iodine, and the tubes sealed off. After being kept
6c.
<=D-9
in an oil thermostat at 130o-140oC. for three weeks 
they were cooled and opened. Those which had contain­
ed an air space smelt strongly of HI hut in those 
tubes from which the air liad been displaced by nitro­
gen no trace of HI was found. The liquids were col­
lected, filtered free of solid iodine and shaken with 
sodium thiosulphate until completely free of iodine. 
When the carbon tetra-chloride was allowed to evapor­
ate off, a heavy brown oil which had a strong terpene 
smell remained. The oil- (about 1 gram in all) was 
shaken with water, centrifuged, dried and distilled 
in vacuo. The bulk of the liquid came over at -90°“ 
100°C at 12 mm. pressure, but there was a good deal of 
decomposition, during the distillation and the distil­
late was coloured with free iodine.
Bi-iodo-butane is solid at 6®C and an amber
( 2 7 )coloured liquid which boils at 128°C at l8 mm. Hg
(28)
With piperidine it forms H. tetramethylene piperi- 
dinium iodide, a solid of MP 178-l80°C.
An unsuccessful attempt was made to obtain 
this derivative from the oil obtained above. However 
there is little doubt that the oil originally contain­
ed combined iodine and it was probably largely dedom- 
posed during distillation. Moreover,, the oil obtain­
ed was probably not a single compound but a mixture of 
homologues formed in all probability from C2H4I.
6i.
The reaction "between ethylene and iodine has 
no analogy with the reactions between ethylene and the 
other halogens, for in the case of bromine and chlorin 
there is no reverse reaction, the products being stabl 
compounds.
(29)
Davis has found that the reaction between 
ethylene and bromine in solution follows the course of 
a simple bimolecular reaction.
+d l°2H4 Br2] = k \g2H4] [Br2] 
dt
6 2 .
2* Ethylene and Bromine.
Gf + d[G2H4l2] = k' [C2H4] [igf721
dt
The rate of the reaction is accelerated by 
the presence of water, but the most interesting feat­
ure of the reaction is that is has a negative tempera­
ture coefficient. At 0°C the reaction is actually 
20-130 times faster than it is at 25°C. Davis explain; 
that the reaction requires the formation of a bromine 
hydrate Br2H2 0. The equilibrium for this hydrate is 
displaced towards formation with lowering of tempera­
ture. The only known hydrate of bromine is either Br5
(30) 010 HgO or BrgoHgO, which crystallises out at 3 C 
and decomposes at 6.8°C at atmospheric pressure. One 
would expect therefore that if such a hydrate were 
involved,sufficient changes in its concentration 
would occur at these temperatures to produce a notic- 
able change in the acceleration of the reaction as the 
temperature is lowered. David however finds that the
6 3 .
rate of the reaction CpĤ . + 2̂̂ -A- ®r2 increases
continuously as the temperature is lowered from 25°-
00. Finally, David adduces as evidence for the 
existence of a "bromine hydrate of the formula B^B^O 
the theory that the Budde effect in moist bromine is 
due to the existence of such a hydrate. This theory 
however is now discredited. It is therefore rather 
unlikely that a hydrate of bromine plays any consider­
able part in this reaction.
ature coefficient are known, but these are termolecul- 
-ar reactions. The reaction
2N0 + 02 —* 21102 
which proceeds according to the kinetic equation.
is actually 3IT times faster at 0°C than at 3S9°G* The 
explanation of this is that a triple collision is nec­
essary for reaction to take place. The temperature 
coefficient kt +10/kt varies from .912 to «997 as the 
temperature rises. This indicates that a very low 
heat of activation is to be expected. If, however the 
reaction requires any heat of activation at all, it 
means that the temperature coefficient should be just 
above unity.. The depression of the coefficient to 
• 91 is due to the decreasing chance of a ternary col­
lision as the temperature rises. The period of time 
during which two molecules are in collision decreases 
■with rising temperature and therefore the chance
of a third molecular impact during this time is de­
creased*
Other reactions, which have a negative temper
dt
This can hardly "be the explanation of the 
reaction "between C2H4 + Sr2 in carbon tetrachloride 
solution, because, even if triple collisions are re­
quired, something more must be necessary since Norrish 
has found that in the gas phase, if the walls of the 
reaction vessel are coated with paraffin wax, there is 
no reaction between ethylene and bromine. Yet the 
pressures of the gases are in the neighbourhood of 
atmospheric pressure so that triple collisions fre­
quently occur, (l in lO^-lO4 collisions are triple 
collisio ns:.)
The above experiment of Worrish shows that 
there is no appreciable homogeneous reaction in the 
gas phase; it is therefore not unreasonable to assume 
that the reaction in solution is largely or completely 
a surface reaction. The similarity in the kinetics 
of the two reactions support this idea. This would 
account both for the accelerating influence of water 
and the negative temperature coefficient. If the 
reaction takes place on a layer of bromine adsorbed on 
the glass surface, a rise in temperature might retard 
the reaction since at the higher temperature less bro­
mine will be adsorbed on the glass surface.
Some work has been done which shows that not 
only is there a heterogeneous reaction between ethylene 
and bromine in solution, but the reactions between 
ethylene and chlorine and ethylene and iodine can also 
take place on a glass surface.
6 4 .
3) Experimental.
Solutions (about E/100) of chlorine, "bromine, 
and iodine were made up in pure carbon tetrachloride 
and standardised by titration with standard IT/100 thio 
sulphate. A soliition of ethylene in carbon tetra­
chloride was also prepared. For the experiment two 
stoppered 250 ccs. bottles of equal dimensions were 
employed. The internal surface area measured approx­
imately 120 sq. cms. Bottle 1» was nearly filled with 
glass beads to give a large surface area, Bottle II 
contained no glass beads. 50 ccs. of ethylene solution 
and 50 ccs. halogen solution were mixed in each bottle. 
The bottles were then kept in a thermostat and in the 
dark. Readings of the halogen content were made at 
regular intervals by withdrawing portions of lOccs. and
titrating with |[ thiosulphate. The results are given 
100
tables VI, VII, VIII, and in Figs. XI. XII. XIII. In 






ccs E/ 1 0 0  Ka thdosulphate
Bottle I. Bottle II.
6 . 0 7 6 . 0 7
14 4.30
17 5*37
3 . 4 9
56 5 . 2 1
1 1 1 2.55
1 1 7 5.07









Minutes ccs N/ 1 0 0  Na t'httosulphateBottle I, Bottle II.
- 3 . 9 8 3-98
10 3 . 1 2








Time ccs n/100 th&o-sulphate
Hours Bottle I. Bottle II.
**- 7.47 7.47
• 5 7 .3 6
1 8 .6 7 7.27 7.43
4 5 .1 5 7.12
9 3 . 1 . 7.04 7.44
16 9 .5 0.8O 7 .4 7
The results show that the reaction between 
Br2 and C2H4 and CI2 and C2H4 in c C14 solution are 
surface reactions taking place on an adsorbed layer 
on glass surface. This is exactly the same reaction 
as the reaction studied by Eorrish etc. and Stewart 
etc. for the gaseous reactants. The effect of mois­
ture, and the negative temp, coefficient of the Br2- 
C2H4 reaction easily fall into line with this sugges­
tion.
In the case of iodine again there is good 
agreement with the gas reaction. There is a very- 
slight reaction on the glass surface hut this re­
action is negligible compared with the Br2 and CI2 
reaction. It will he remembered that the reaction 
between I2 and C2H4 on glass surface was found to be 
very slow for the gases.
At higher temperatures the homogeneous re­
action between I2 and C2H4 becomes much more import­
ant than the surface reaction; there is however evi­
dence from Polissar's results for a slow decomposition 
of C2H4I2 not catalysed by I atoms. This is in all 
probability a slow decomposition of C H^Ig on the 
glass surface corresponding to the slow formation 
shown in Table VIII. and Fig. XIII«
PART II.
It is well known that if a discharge is pass 
ed through hydrogen at low pressures a discontinuous 
spectrum consisting of the Lyman,Balmer and Paschen 
line series is obtained. If however the pressure is!
increased to pressures of the order 1 -2 m.m. the spec 
trum becomes perfectly continuous in the ultra violet. 
Such a discharge is more convenient than an under wat­
er spark; the spectrum stretches further into the 
TSLtra-violet. Moreover the tube is perfectly silent 
in use.
The construction of the tube finally used,is
shown in diagram Pig. XIV. A silica tube A with
glass connecting pieces fitted and waxed over the side
-forms 3
tubes at b and by the discharge tube Taps T and T
are used for adjusting the hydrogen pressure. Copper
wires were sealed into the tube at B and B̂ -. The
aluminium electrodes were fixed at e and , the one
at e1 being hollow so that the radiation could pass
thrcrughto the quartz window W which was fixed with
,picein.. The whole tube was cooled by running water.
J is a series of jets which played on the hottest and 
on the waxed portions of the tube so that the- tempera­
ture of the water in the brass tank never rose above 
15°C.
Other tubes were tried which had the electrodes 










tube Tout they all had a great tendency to crack at the 
right angle bends, where the heat developed was very 
great. They were finally discarded in favour of the 
one described, in which that difficulty is removed.
The discharge was passed from a 10,000 volt transform­
er, the current in the primary being regulated so that 
*5 amp passed thro the secondary circuit. The light 
given by this discharge was perfectly continuous up to 
1 ,8 0 0 A°* which vras the short wave length limit of the 
spectroscopes used.
The photographs were taken with a Bellingham 
and Stanley quartz prism spectrograph, which had a 
range of 8000A°-2000A° on a 10 inch plate7and with a 
small Hilger qiartz prism spectograph with a range of 
8ooca°-i8ooa° on a quarter plate.
Wellington Anti screen Plates (H & D 450) were 
used. s They were sensitised for the far ultraviolet by 
coating the gelatine with a soln. of llujol in petrol 
ether. This left a thin film of paraffin on the 
plate, which acts as a fluorescent screen and brings 
out the lines or bands of shorter wave length than 
23OOA0 which otherwise would be absorbed by the gela­
tine .
The absorption tubes 'with one exception were 
of quartz with plaine windows. A five foot glass tube
74.
*The continuity of the hydrogen tube is broken by 
oxygen absorption bands. (See Plate IH.]
fitted with quartz windows was used for cyanogen..
If an absorption tube required to be hea.ted 
during the photograph it was done in the following 
way* It was wound with stout copper wire so that -f-,! 
of the winding protruded over each end of the tube.
This was covered with a thin layer of asbestos paper 
on which the heating resistance wire was wound. This 
was covered by a further layer of asbestos paper and 
a winding of asbestos string.
By having the heating coil extending over the 
end of the tube, the windows were kept at the same 
temperature as the tube which prevented condensation 
of solid or liquid on their surface. The tubes which 
did not require to be heated in the manner described, 
had a side tube into which the contents could be froz­
en by liquid air.
The method of photographing the absorption of 
each gas was to expose for 2-4 hours with the gas at a 
knov/n pressure,* remove the gas by cooling with liq­
uid air, if necessary, and expose for an equal time to 
obtain a blank. A copper zinc spark was added to each 
plate for register lines. By using a Hartmann dia­
phragm which uncovers only a portion of the slit for 
each exposure the position of the plate remained un­
altered for the photographing of these register lines
*The vapour pressure of Cyanogen Iodide is not knov/n, 
but from the analogy of C^-CITCl^dBrp-CNBrg it is 
probable that the vapour pressure of CHI at Room temp­
erature is slightly less than the vapour pressure of 
iodine.
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and thus the photographs were accurately comparable. 
Materials. The method of preparation of the cyanogen 
halides has been described in a previous section.
Cyanogen was prepared as before by heating 
Mercuric cyanide, but in this case the gas was care­
fully purified by fractional distillation. Only the 
middle fraction of the liquid cyanogen was used.
Results. ■
Cyanogen Chloride. (cyanogen impurity.)
The absorption spectrum of cyanogen chloride 
at 15°C and atmospheric pressure, in a quartz tube 
25cm long, is shown in Plate I. The absorption is 
continuous, the long wave length limit is about2240A° 
which is equivalent to 127 kcal. The photograph also 
shows a few bands^,about 2190 A0 which are due to 
cyanogen (see p. 82}
Cyanogen Bromide. Plate II. shows the absorption
spectrum of CNBr. The temperature of the tube (25cm) 
was l5°G which corresponds to a vap. press, of CNBr.
The absorption is again continuous the long wave length 
limit in'this case being at 2540A0 (=112 kcal.)
Cyanogen Iodide. Plate III. has two regions of con­
tinuous absorption. At 3IGOA0 (92 kcal) absorption 
begins and reaches a maximum at 2500A°. The second 
region begins about 2l50A° (132 kcal.)
Cyanogen. The absorption spectrum of cyanogen was 















Plate V . Plate VI .
23mm to 760mm and at a temperature of l5°C. Plates
IV. V. and V I.  with t h e ir  photometric r e g is t e r s  show 
that in  t h is  case the absorption is  not continuous,  
hut c o n s is ts  of a s e r ie s  of more than fo rty 'h an d s be­
ginning about A = 2500AO and extending t o s A = 2040AO, 
By f a r  the g rea ter number of the bands occur in  the
region A =2250A° - 9v =2040Ao. The bands have been 
| ; 
measured and re g is te re d  on a photometer but sin ce p la te
V. shows the bands most c le a r l y  i t  alone w i l l  be des- 
crib e d  in  d e t a i l .  The bands are shaded towards the 
red, showing that in  the e x cite d  state the m olecular  
l in k ag e is  weaker than in  the normal sta te . Some of 
the bands, notably 3 , 8 , 12 (see table IX) show a 
good deal of ro ta tio n  s t r u c t u r e .
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C a lib r a t io n  of P la te  V. The distance (d) from a f i x -  
ed point on the p la te , of a number of standard l in e s  
in  the Copper z in c  spark was measured. Prom any two 
of these l in e s  a d isp e rsio n  formula of the general  
f  orm,
d= A + B/^2 can be d erived .
This formula shows a l in e a r  r e la t io n s h ip  between d and 
1 /^2  tmt i f  the graph d - 1/^2  p lo tted  fo r  a number 
of l in e s  i t  is  found to deviate s l ig h t ly  from the 
s t ra ig h t  l i n e .  By noting t h is  d e v ia tio n  at various  
points on the curve, a second graph can be drawn p lo t ­
t in g  d e v ia tio n  against td>. This e r r o r  curve, together  
¡w ith the d is p e rs io n  formula f u r n is h  thd a l l  the data 
necessary to c a lc u la te  an accurate value of A  from d.

8 i .
The in te rp o la t io n  formula was c a lc u la te d  from 
the copper l in e s  A =  2247.0A0 (d=9*92) and X=2054.9A° 
(N=13.924) thus
d A + B /  o 
A
9.92 = A + B x 19806.O
13>924- A + B x 2 3682.6
. 4 , 0 0 4 t B  x 387^75
Hence B = 1.03289  x 10"3
and A = -  10 .5 3 7
Prom which the value f o r  l / ^  may he d erived .
l/x = Id + 1 0 .£37, i
1 11.03289 xlCTf
Table IX. gives a number of these standard l in e s  with  
corresponding values of d and e, the e rro r  in  the d i s ­
p e rsio n  formula.






c a lc d .
C o rre ctio n  
e .
2369.9 7.904 42195.9 42253.7 -5 7 .8
2294.4 9.101 43584.4 436 0 3.5
2276.2 9.405 43932.9 43939-7 -  6.8
2247.0 9 . 92O 44504.0 44 50 3.5 + 0 .5
2242.6 9.997 44591.1 44586.6 + 4 .5
2218 .1 10.446 45083.6 45072.0  . +11.6
2210.2 10.596 45244.8 45232.8 +12.0
2192.2 10.944 45616.3 45603.7 +12.6
2178.9 I I .198 45894.7 4 5 8 72 .5 +22.2
2165.1 11.486 46187.2 46 . 7 5 .4 +1 1 .8
2 1 6 1 .3 11.5 6 1 46268.4 46254.0 +14.4
2148.9 11.8 18 46535.2 46525.8 + 9 .4
2138.5 12.036 4 6 76 1.7 46 748.5 +1 3 .2
2135.0 12.089 46818.7 46803.3 +1 5 .4
2126.0 1 2 .30 1 4 70 36 .7 47028.3 + 8.4
2122.9 12.370 4 710 5.4 47093.1 +1 2 .3
2104.7 1 2 ,770 4 7 5 1 2 .7 4 750 2 .5 +10.2
2054.9 13.924 48664.0 48664.3 + 0 .3
2 04 3.7 14.202 48930.6 48940.0 -  9 .4
2037.0 14.370 , 49091.6 49105.9 -1 4 .3
2035.7 14.410 49122.2 49145.3 - 2 3 . I
P ig .  XV. shows the graph of c.. p lo tted  a g ainst l / .  2
from the r e s u lt s  in  columns ( 2) and ( 3 ) in  table
and the e rro r curve plotted  from r e s u lt s in  columns
(2) and (5) In Table X. the absorption bands of
cyanogen are given with the corresponding calculated 
values of 1/ N * (The intensities (column 4} are obtain­
ed from the photometer curve (Plate Va.)
TABLE X ,
Absorption Bands of (CN)2
Band No. d.+ 1 0 . 5 3 7 calcd. l/\ corrected Inten­
sity .
15a 2 0.373 44412.0 44412.0b «399 44440. 3 44440.3 0
14 . 621 44681.5 44685.5.74-2 44812.4 44818.4 1
.7 6 9 44841.5 44848.0
13. . 8 2 5 44902.0 44909.3 3
1 2e . 9 0 1 44988.1 44996.4
d .9 6 2 45049.4 45058.6
c 2 1 . 0 0 7 45098.2 45108.0
b •053 45147.1 45157.3a .0 9 2 45188.9 45199.7 1
¿ 1 6 8 45270.2 45281.4
. 2 2 1 45326.9 45338.6
. 2 6 5 45373*8 45385.6
1 1 ’323 45435.7 45448.1
6«385 45501.7 4 5 5 1 4 . 5 j
. 4 3 6 45555.9 4 5 5 6 8 .9
10 . 5 6 1 45583.5 4 5 5 9 6 . 5a • 595 45724.6 4 5 7 3 8 . 1 <b . 6 2 1 45752.1 4 5 7 6 5 . 8 10al . 6 5 2 45784.9 4 5 7 9 8 . 7bl .6*77 45810.8 4 5 8 2 4 . 7 )
.731 45868. 3 4 5 8 8 2 . 2
.751 45889.4 4 5 9 0 3 . 3 1
9 «792 45932.6 4 5 9 4 6 . 6 2
8d •937 4o085.2 4 6 0 9 9 .2c ' »971 46120.9 4 6 1 3 4 . 9b • 999 4 6 1 5 0 . 3 4 6 1 6 4 . 3 ; 3a 2 2 . 0 2 7 46179.6 4 6 1 9 3 . 6
7d .084 46239.3 4 6 2 5 3 . 5
c . 1 1 2 46268.7 4 6 2 8 2 .9 1
b ■.148 46306.4 4 6 3 2 0 . 6
a . 1 7 6 46335.6 4 6 3 4 9 . 6
7xa 2 2 . 2 3 2 46394.0 4 6 4 08 ; 1
b . 2 5 2 46418.0 4 6 4 3 2 . 1 1
4 6 4 6 5 . 5
4 5 6 0 1 . 8
c . 2 8 7 46451.4
d . • 322 46487.8
6 . 4 2 3 46592.8 4 6 6 0 6 . 8 3
5 •54-3 46717.4 4 6 7 3 1 . 2 441 . 6 4 3 46820.9 4 6 8 3 4 . 5
4 _. 860 47044.7 4 7 0 5 7 . 1 10
8 3 .
TABLE X. contd.
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Discussion of Results. The absorption spectra of such 
gases as the halogens consists of a series of bands 
which converge, as the frequency increases, to a head 
through which the absorption passes into a region of
(31)continuous absorption. Eranck has given an inter­
pretation of these spectra. The bands correspond to 
a quantised absorption of light which increases the 
electronic energy of the molecule. This alters the 
vibration and weakens the binding forces of the mole­
cule. At the point of convergence the absorbed energy 
hVc is just sufficient to overcome these binding forces 
and the molecule is dissociated. The energy represent­
ed by this hVc limit is, in the case of halogens, great­
er than the Heat of Dissociation calculated from ther­
mal data. Thus Eranck has shown that photodissocia­
tion has resulted not in the production of two atoms, 
but of one atom in the normal state and one carrying 
an excess or excitation energy E. The process of photo 
dissociation therefore takes the following courses- 
The molecule absorbs a quantum hV 
If hV is less than iWc- (the convergence limit) the
molecule is activated (Stern and Volmer) and in a stat 
to act chemically with another molecule should it col­
lide with one during its period-of excitation. If 
no collisions occurs during this time (at low pressure 
this is possible) the molecule re*«nuits its excitation 
energy as a fluorescence radiation.
If hV is greater than hVc the molecule will 
dissociate into a normal and an excited atom, carrying 
sufficient kinetic energy to make up the difference 
hV-h-Vc. Since the K.E. may have any value, the energy 
absorbed hV will not be subject to any quantum restric 
tion and the spectrum will be continuous.
This explanation holds equally for the dis­
sociation of a heteropolar molecule like NaCl, where 
there are no bands in the absorption. The region at 
which continuous absorption begins (Vc) indicates the 
energy (hVc) necessary to dissociate the molecule, in 
this case into unexcited atoms)
The value hVc can of course only be measured 
accurately if the absorption of the gas covers this 
region. It may happen that the maximum absorption 
occurs as in the case of chlorine well beyond the con 
vergence limit. If it falls off completely on the short 
wave length side of hV„ the observed absorption limit 
hV will be represented by
hV = D + E + K.E.............. l)
at aIc K.E. = €
.*. hVc = D + E . .  ............ 2)
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In such a case only an upper limit for D 
could he found from this formula.
Cyanogen Halides. The decomposition of the cyanogen 
halides hy the continuous absorption of light of wave 
length shorter than Ac results therefore in the pro­
duction of two dissociated parts of the molecule either 
of which may have, in addition to its dissociation 
energy, a certain excitation energy represented byi- 
CN X * hVc -*CN + X1 
or X' + CNl
These energies of excitation for each of the halogens
(32)are
Cl1 = 2 .3 kcal = O.lv 
Br-1- = 10.2kcal.= o.45v 
I1 = 21.6kcai. = .940
Mulliken has .shown from an examination of the red and
violet groups of hands of the CN molecule that the
CN group has two electonic levels 1.8 volts,3 .2 volts
above the normal level.
CN1 = 1.81 volts (41.5 kcal)
CffH=* 3 .2 volts (73.4 kcal)
From equation 2) we can write
hVc = Dq u x + %  or CN...........4'
From equation 4) the heat of dissociation can he cal­
culated for the three compounds in the following way
CNC1. hV.- = 127 kcal
•** ^CNCl = 127 " 2.3 = 1 2 3 .7 kcal.
- 4 1 . 5  = 4 1 . 5
-73.4 = 53.6
CN Br. h V = 112 kcal
,*. DcNBr = 112 - 1 0 .2 = 1 1 1 .8 kcal.
- 41.5 = 70.5
-7 3 .4 = 3E 76
85 .
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GNI 1}, hV0 = 92 kcal
«’ .DqivJI = 92 - 21.6 = 70*^ kcal.
- 41.5 = 50*5
- 7 3 .5  = 1B76
2} hV„ = 132 kcal
•°.Dc^i = 132 - 21.6 = 110.4 kcal.
- 41 .5 = 90•5
- 73*5 = 58.6
D, in these cases, it must toe emphasised is a maximum, 
for there is no evidence that the absorption region be­
gins exactly at 'Vq. The observed hVG may be augmented 
by kinetic energy as in equation l). Further, even 
when KE = 0, kW0-bser. may include vibration energy of 
the CN molecule which is split off. In table XI. the 
values obtained for D are compared with the heats of
(33)linkage given by Eucken for the bonds C-Gl, C~Br, 
C-I. An examination of these values shows that the 
most probable mechanism is, that decomposition results 
in the formation of a normal halogen atom and an excit­
ed CN group. The energy of exitation of the CN group
is 41.5 in all cases except for the gfar ultra-violet 
absorption of Gill when CIT̂  rises to a higher excita­
tion level of 7 3 .4 cal.
TABLE XI.
Com­ Absorption Excitation Heat of Dis­ D calcd. I
p o u n d . Limit Energy sociation D. (from Euck
An kcal leal. kcal. kcal.
123.7CITG1 2240 127 4 1 .5 85.5 7353*6
1 1 1 .8
CHBr 2540 127 41.5 «59
38.6
CNIa) 3100 92 41.5 7 0 .4 44
5 0 .5
18 .6




The values given "by- Eucken represent the mean 
values of the heats of linkage obtained from the heats 
of combustion of a series of aliphatic chlorides brom- 
1 ides and iodides.
The heat of sublimation of carbon therefore 
comes into the calculation. This value cannot be re­
garded as very certain. Moreover,the C-Gl bond in 
cyanogen* chloride need not be exactly the same as the 
C-Gl linkage in an aliphatic compound with a longer 
carbon chain. The first member of a homologous series 
is often exceptional. For example in methane the heat 
of linkage of C-H is greater than in the other paraffin 
It alone,is not attacked by atomic hydrogen to give 
CH3 and H2» The other paraffins are all decomposed 
thus R CH3 + H —» R CH2 + Hp. It is therefore pos­
sible' that the C-Cl linkage is greater in CNC1 than in 
say, C2H5CI. In spite of this source gf error however 
it is probable that the values obtained from the ab­
sorption spectra are too high, due to the fact that
the absorption of the sas does not begin at V .c
The mechanism of the decomposition of the
cyanogen halides by light may therefore be written
. CNC1 + hvmJcl G il} + Cl 
CNBr + hvCin3r «-> GE^ + Br
CM I + hv-L ^  CN + I
G1:JI + hv2 -+ CN11+ I (where CN1 has
excitation energy P 41.5 kcal and C N ^  has 73»4 kcal)
These figures lend no support to the results
(34)of' Zappi and Elorza who find from chemical data tha 
in solution, CNCl has the structure of an iso-nitrile
87 .
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C1-E=C, CE Br is an equilibrium mixture of the nitrile 
and iso-nitrile while CEI is a true nitrile. If cyan­
ogen chloride had the structure C1-E=C, the energy 
neces-sary to break the E-Cl linkage, although not def­
initely known can be calculated from the heat of forma­
tion of nitrogen tri-chloride.
1/2 E? + 3/2 Cl2 = EClp - 54.7 kcal.
1 /2 E2 = E -J105 kcal.
3/2 Cl = 3C1 - 85 kcal.
■ . . E + 3C1 = EClo + 105 + 85 - 5 4 .7
= ECI^ + 1 3 5 .3
e
. . E-Cl linkage must be 115^2 = 45 kcal.
3>
If it is assumed as before that the CE group is broken 
off with 41.5 kcal. energy of excitation then absorp­
tion would take place at 33^0 A 0. This absorption re 
gion has not been found. It is much more probable 
if one béars in mind the regular nature of the series 
of the absorption limits that in the gaseous state the 
halides of ¡cyanogen have all the same structure namely 
that represented by the formula X - C = E where X is 
Cln, Brq or I.
Cyanogen. The bands have not yet been followed out t< 
the convergence limit and it is therefore not possible 
to give an accurate value of the heat .of dissociation 
of cyanogen. Erom the appearance of the band spectrum 
hov/ever it can safely be assumed that the convergence 
limit lies on the short wave length side of 185OA0.
This will give a lower limit for the heat of dissocia­
tion of cyanogen. The possible results of this phot<
89.
dissociation are
(CF)p + hvc-*CF + CF l) or->CpF + F 5)
-*CF + cur- 2) ->Cp + F + f 6)
—'‘CF + CF 3; -»C + C + F + F 7)
-*CF + CF1IL 4)
In cases 5) “7) any one of the products may have an ad­
ditional energy of excitation.
Case l) can he discarded at once for the re­
action (CF)p CF + CF requires only 71 kcal. and the 
energy absorbed is 154 kcal at least. The second pos­
sibility is also unlikely as it requires only 112 kcal 
The third reaction requires 145 kcal. and therefore is 
just possible, but the possibility of there being a 
still higher but as yet unknown excitation level CF^’1-̂ 
cannot be neglected and in the absence of any upper 
limit for h i all the other possibilities 5)“7) must 
also be consideredralthough they are not so probable 
as 3) or 4}. For instance 7) would require 495 k c a l.  
which Yiould mean (Vq) = 570A° and 6} requires 424 cal. 
which corresponds to Vc = 660Ao„ Reaction 5) requires 
212 kcal» and therefore is not so probable as 3 ) or 4) 
If reaction 3} is true mechanism it leads to a hea 
of dissociation 82 kcal for the lower limit.
The values for the heats of dissociation cal­
culated in the above discussion were based on the val­
ues given by Eucken for the heat of the C-C linkage 
(7 1 kcal) and for the heat of the C=F linkage(212 kcal 
The heat of decomposition of cyanogen to 
2 (CF) can be calculated from the known values for the
heat of sublim ation of carbon (304 k c a l ) ,  the heat of 
d is s o c ia t io n  of nitrogen (210 k c a l)  and the heat of 
d is s o c ia t io n  of the CN group (187. i . k c a l .  from band
(35)
spectra)
d) (CÎJ)2  = 20 diamond + H_ + 73*2 k ca l(L a n d o lt  B o rn stein )
2) 20 diamond= 20 gas - 3O4 k c a l.
3) ÎT2 = 211 - 210 k c a l.
4) CN = C + H - 187 - 10
5) . *. 2CÏT = 20 gas + 211 - 374
6) 2CU = ( CST) 2 + Q,
7) (ON)2 = 20 gas + 2H - 374  - Q,
From l) 2) and 3) (CÎJ) 2 = 20 gas + 2ÎT - 514 + 7 3 .9  
. •. Q, ' = 440 - 374 = 66 kcal.
This value f o r  Q, cannot be regarded as r e ­
l i a b l e  as Eucken’ s valpe of 71 k c a l,  fo r  the C-C 
l in k a g e . The p o s s i b i l i t i e s  of e rro r  in  Eucken’ s 
value have already been d iscu ssed . The same sources  
of e rro r  are present in  the above c a lc u la t io n  but in  
a d d it io n  the p o ss ib le  e rro r  in  equation 4) is  10 k c a l.  
so that Q, may be as much as 20 k c a l.  in  e r r o r .
The r e s u lt s  of t h is  in v e s t ig a t io n  are sum­
marised in  Table X I I .
TABLE' X I I .
9 0 .
: Substance Heat of Dissocia­
tion Opt.












PART I I I .
9 2
In continuation of the work begun on the 
flame spectrum' of sulphur, suggested by the blue glow 
surrounding the flame of the Hydrogen chlorine combus­
tion it was quickly established that the blue colour 
of the flame of sulphur burning in ai r was due to the 
same emitter, and that the blue colour was due to the 
long wave length portion of the band system. This
(36)has since been published by Kondratjew
In the flame of sulphur burning in the air,
however, there is an additional white light which is
continuous and overlaps the Spbands, passing' into the
region of the SC bands. The SC bands have been des-
(37)cribed by Henri and Wolff . It is not yet possible
to give any definite explanation of the emission of the
continuous spectrum but it may be due to unquantised
emission from the chemical combination at high pres- 
c¡sure of exited aulphur and oxygen atoms forming SO 
which is then oxidised to SOp,
It was thought more desirable to study the 
spectrum in its simpler form, excited either by the 
Hydrogen-chlorine flame or the hydrogen-oxygen flame, 
The first papers to give an analysis of the
(38)spectrum are those of Rosen who worked on both the 
absorption and fluoresence Spectra. Since the en­
THE FLAME SPECTRUM OF SULPHUR.
closed paper was published the analysis has been car
(39) (4-0)  ̂ (4
ried further by Swings , Rompe Haude and Christy 
(42) .
and Curtis These workers have mainly confined their
1)
attention to the analysis of the rotational fine struc 
ture of the spectrum. In none of these experiments 
has the flame emission been studied and this spectrum
has points of interest of its own.
It has been suggested that the band spectrum
produced when sulphur is present in the oxygen hydro­
gen flame might be a resonance spectrum, because the 
light emitted from the OH bands which is strongly em­
itted from the flame should be capable of exciting the 
fluorescence spectrum, just as light of the same wave­
length from the mercury arc can.do. An experiment wa 
performed in which the radiation from the oxy.hydrogen 
flame was thrown upon the same stisam of hydrogen carry 
ing HpS but kept out of contact by a thin wall of silica. 
Ho emission of S2 bands could be found. Although this
may have been due to the lack of Sp molecules in the
the
gas stream, the fact that/hydrogen-chlorine flame, 
which does not give emission in the region necessary 
to produce fluorescence, gives the bands, is suffi­
cient evidence that the excitation is due to collision 
and not to absorption of light.
Another point of interest lies in the fact that 
the' distribution of intensity in the band system ap­
pears to be identical as far as inspection can decide 
whether they are produced in the HC1. or in the H2O 
flame. Some differences would probably be observed 
on the intensity distribution of the rotation lines in
93 *
the fine structure, but the instruments available are
not s u i t a b le  f o r  such work.
A fu r th e r  point  which, has not ye t  been s e t ­
t l e d  is  the occurence o f  the double headed bands.
There i s  no s a t i s f a c t o r y  exp lanat ion  o f  these .  They 
appear in those bands v/hich a r i s e  from a t r a n s i t i o n  
from an even l e v e l  in the e x c i t e d  s ta te  and the cause 
i s  e v id e n t ly  a s s o c ia t e d  with the e x c i t e d  and not the 
unexc ited  m olecu le .  Gurtis found that the d i f f e r ­
ence between the frequency  o f  the two heads remains 
p r a c t i c a l l y  constant down in to  the red reg ion  o f  the 
spectrum.
The most exact  formula represen t in g  the s u l ­
phur band spectrum is probably  that o f  Maude and 
C h r is ty : -  o
ve= 32250.9  + 429.5  ( v 1*!-) - 2 .7 5
- 7 2 7 . 4 ( v i i + £ )  + 2 .9 1  (v i;L+|-)4
The heat df d i s s o c i a t i o n  c a l c u la t e d  from the 
band spectrum is  4.4-5 “ 0 .01  v o l t s ,  in good agreement 
with the value found by chemical methods (103600 cal= 
4 .5  v o l t s )  The n u c lear  se p arat ion  in the lower s t a te  
is  I .603  x  10"*°cm. and in  the upper s t a te  i t  i s  1.814-: 
10’8.
Plate  V II .  i s  a copy: o f  the photograph taken 
w ith  a h igh  d i s p e r s io n  g la ss  prism Spectrograph.  The 
d i s p e r s io n  i s  g reat  enough to show the r o t a t i o n  struc  
ture,. This however i s  too complex ( c o n s i s t in g  o f  3Pand 
3R branches) f o r  a s a t i s f a c t o r y  a n a ly s is  as the d e f i n ­




Frequency of Corresponding Measurements of
Observed bands Rosen Kondratj ew
(v1 N11} 20620
(I, 19)
3» 18) 213G0 - -(2, 17 21480 - -
(3s 17) 21920 - -(2, 16) 22080 - -
(i, 15) 22365 22349
(3s 16) 22530 22540 22543




23220 23188 23175(2, 14 23450X 23390 2340 5
(is 13)(3, 14) 2387O - 23815
(2, 13 24075x 24039 240 50
3, 13 24530 -(2, 12) 2#?10x 24685 24704
(3,12) 25160 25121 -(2, 11) 2 5 3 6ox 25360 25361
(2, 10) 
(2, 9)
2595ox - 260 28
26681 26695
(2, 8) ' ~ 27367
(2, 7) 28050
x Double Heads with separation = 30 cm-1
TABLE XIIla.
\ v] 2 3 A
10 25950
11 25360
12 24710 25160 450)
13 24075 24530 455} Mean14 23450 23870 420) 446











P l a t e  y e
Table XIII. gives some of the measurements of 
the heads of the bands. These are compared with cor­
responding values given by Kondratjew and by Rosen.
Rig. XVI. indicates the transitions which 
give rise to the bands which have been measured. The 
quantum numbers are not quite certain, but it is clear 
that there is very little emission from the zero vib­
rational state of the excited molecule the maximum 
emission being at the transition = 2 = 10.
98 .
In conclusion, I wish to express my thanks 
to Dr Ludlam and Dr Mooney, who supervised my work, 
and to Professor Kendall, F.R.S., for their interest 
and advice during the course of this research.
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Re-inspection o f the photograph o f the hydrogen-chlorine flame taken 
in 1924 showed that it likewise exhibited, in addition to some light of 
longer wave-length, a rapid rise in intensity o f emitted light at about 
X 480 ¡¡jLfjL, from  which position it faded away towards the violet. As the 
plate was panchromatic, but no record of the particular brand could be 
found, there was a possibility that the intensities shown on the plate 
might be caused m ainly by  the sensitising dye and not by peculiarity 
in the light itself. Accordingly new photographs were obtained.
The apparatus sim ply consisted of a silica tube through which 
hydrogen was passed and a silica je t through which the chlorine was 
admitted, the flame being started b}  ̂ a spark from  platinum wires which 
could subsequently be withdrawn.
To our surprise, in addition to the continuous spectrum, a remarkable 
band spectrum appeared on developing the plate.
W e were, at first, quite at a loss to account for this, as the only 
difference we could recollect was the substitution o f a silica je t  for the 
platinum je t  previously used. Subsequent work, however, led to the 
explanation.
The flame of chlorine burning at a je t in hydrogen shows an inner 
portion which is iivid  white in t in t : in our experiments this was 
surrounded by  a cone of pale blue, which, just at the tip of the white 
portion, was tinged violet. In  the 1924 experiment the flame was verti­
cal, parallel to the slit; the light photographed came chiefly from  the 
white portion, and we did not notice any blue mantle. The platinum 
je t  was wider than the one of silica, and this caused the white portion 
o f the flame to be broader and the blue cone (as we found later) not 
so big. Our photograph was taken with the flame horizontal, perpen­
dicular to the slit; and on subsequent photographs we obtained a narrow 
central continuous spectrum running across the bands which extended 
the full length of the slit, whether the je t  was of platinum or silica made 
no difference. Another photograph was taken in which the chlorine 
filled the tube and the hydrogen burnt at the jet. In this case the 
white flame had only a mere suggestion o f an outer cone o f blue; the 
reason for this being that the chlorine itself absorbs the light which is 
emitted by these violet and ultra-violet bands; for, although the maximum 
absorption of chlorine is not reached until X 338 /x/x, the absorption is 
very considerable in the violet.
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X III .— The H y d ro g e n -C h lo r in e  F lam e. By E. B. L u d la m , M.A, D.Sc., 
H. G-. R eid , and G. S. S ou tar. (W ith One Half-tone Plate.)
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Read January 21, 1929.)
In  a former paper (Ludlam and West, Proc. Roy. Soc. Eclin., xliv, 185) the 
emission spectra of the halogens in the ultra-violet region were described 
and discussed. In connection with the w ork at that time the flame 
produced by the union of hydrogen and chlorine was photographed in 
the hope of gaining some insight into the processes involved and the 
nature of the energy changes attending the combination. The photo­
graph obtained showed a continuous spectrum in the visible fading 
rapidly in the violet.
A t that time the absorption spectra o f the halogens were being 
studied, notably by Franck and his collaborators, and rapid progress has 
since been made in their interpretation; but we were not then in a 
position to draw any important deductions from the spectrum of con­
tinuous radiation in the visible region, and our attention was directed 
chiefly to the continuous emission in the ultra-violet excited by  the 
electric discharge.
Franck has shown that absorption band spectra o f the halogens in 
the visible region all converge to a limit (Konvergenzstelle), beyond 
which they pass over into a continuous spectrum. This convergence 
limit is regarded as the position at which the energy o f vibration over­
comes the force holding the atoms together, and dissociation takes place 
into a normal and an excited atom. For chlorine this position is at 
\ 478 5 fx/uL.
In the Zeitschrift fu r  Physile for August 1928, Kondratjew and 
Leipunsky describe the emission spectrum of chlorine heated in a silica 
tube to 1000° C. Their photographs show that, in addition to the 
temperature radiation o f the hot silica, there is an extension o f the 
light towards the blue end o f the spectrum, which they take to be the 
counterpart in emission of the continuous absorption studied by  Franck. 
W e have repeated these experiments and obtained similar photographs: 
the light from  the chlorine in the tube is distinctly visible, though fa in t ; 
the presumption is, that this light is emitted by  the union of a normal 
with an excited chlorine atom.
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in the sulphuric acid used for drying the gas. The hydrogen was 
originally prepared from zinc and hydrochloric acid, purified by passing 
through silver nitrate and alkaline permanganate to remove sulphur, but, 
as the sulphuric acid followed these reagents, traces of sulphur were 
present.
The conditions were varied by  using electrolytic hydrogen which was 
passed over heated copper and palladised asbestos to remove traces of 
oxygen, and over sulphuric acid to dry the gas. The blue flame was 
again obtained. Addition of oxygen destroyed the colour, so that it 
could not be due to oxygen nor to water vapour. Assured o f this, we 
removed the sulphuric acid drying bottle, and then failed to get the blue 
flame. W e then added traces o f sulphuretted hydrogen to the pure 
hydrogen, and the blue colour^was obtained with much greater intensity 
than in any earlier experiment.
The spectrum of sulphur has been examined by  a number of investi­
gators ; in particular, Johansen * has described the spectrum obtained from 
the cooled interior o f the flame o f coal gas containing sulphur. Whether, 
in addition to the emission from the sulphur molecule there is present 
in the spectrum any evidence o f compounds of hydrogen, or of chlorine 
w ith sulphur, is a matter for closer examination and further experiment, 
including comparison with similar effects in the presence o f other halogens.
W7e are indebted to Imperial Chemical Industries, Ltd., for the silica 
apparatus, and to D r Inglis Clark, who generously presented this labora­
tory with the quartz spectrograph with which the later photographs 
were taken.
• E. S. Johansen, Zeit. wiss. Photo. (1912), 11, 20-26 ; cf. also B. Rosen, Zeit. f . Physik. 
(1927), 43, 69-130 ; also H. 0 . Urey and J. R. Bates, Bull. Amer. Phys. Soc., 3, No. 7. 
December 1928.
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